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S u m r y  

The presented t h e o r e t i c a l  study shows, t h a t  s o l a r  cells  f o r  missions 

i n t o  t h e  space i n  the  neighbourhood of t h e  sun get  enough power t o  work. 

The increase of t h e  output by the high inso la t ion  is  much higher than the  

decrease of t h e  output by the  operation temperature. Therefore t h e  mini- 

mum of output during the  whole mission is  near the  ea r th  although t h e r e  is 

t h e  lowest operat ion temperature. 

s o l a r  cells a t  the  given high temperature. 

D i f f i c u l t  i s  only t h e  s t a b i l i t y  of t h e  

As an  improved development of t h e  earlier type Iv a s o l a r  c e l l  type V 

is developed, s a t i s fy ing  a l l  conditions necessary f o r  t he  mission i n t o  t h e  

neighbourhood of t he  sun. 

by an  operat ing vol tage of nearly 500 mV and a series re s i s t ance  of about 

0.1 A . 

The output near t h e  ea r th  i s  about 60.5 mW 

During a s torage  test of 1600 hours t h e  cells were s t a b l e  a t  

high temperature and a t  high humidity and i n  preliminary tests r e s i s t a n t  

aga ins t  rad ia t ion .  
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1. Introduction 

1.1 S t a r t i n g  Point 

The s t a r t i n g  poin t  f o r  our study is  t h e  type IV Siemens s o l a r  ce l l  

developed f o r  missions near t h e  earth. This ce l l  is charac te r ized  by an  

n/p arrangement i n  which a t h i n  n-layer is  produced through a d i f f u s i o n  

process on p - s i l i con  with a spec i f i c  r e s i s t ance  of 10 ohmcm. The back 

of t h e  c e l l  i s  s o l i d ,  t h e  f r o n t  of t he  ce l l  is comb-like wi th  seven f inge r s  

contacted by a s i lve r - t i t an ium alloy. 
- 

This ce l l  has a series r e s i s t a n c e  

of 0.3. ohm. 

This series re s i s t ance  i s  composed of t h e  bulk r e s i s t a n c e  of t h e  p 

doped s i l i c o n  layer  and of a second i t e m  of r e s i s t ance  made up of t he  

r e s i s t a n c e  of t h e  highly doped n-layer and of t h a t  of t h e  metall ic contac t  

arrangement on the  f r o n t  of t he  c e l l .  The t o t a l  r e s i s t ance  is  d i s t r i b u t e d  

on these  two r e s i s t ances  i n  the  r a t i o  of about 3 t o  1. 

1.2 Solar  C e l l  Requirements f o r  Missions near t h e  Sun 

When using s o l a r  cells as the power source f o r  a probe t o  be s e n t  near 

t h e  sun new requirements arise which d i f f e r  b a s i c a l l y  from those f o r  s o l a r  

cel ls  used f o r  missions near t he  earth.  Near t h e  sun t h e r e  i s  a v a i l a b l e  a 

s u f f i c i e n t l y  g rea t  amount of rad ia t ion  i n t e n s i t y .  

I 

But it must be  assumed 

t h a t  t h e  much higher operating temperature of t h e  s o l a r  cell  i n  the  v i c i n i t y  

of  t h e  sun w i l l  n e c e s s i t a t e  a carefu l  estimate of t h e  increased operating 

e f f i c i ency  owing t o  the  increased i n t e n s i t y  and of t he  decreased opera t ing  

e f f i c i ency  owing t o  the  increased temperature. 

Solar  c e l l s  have up t o  now been used i n  temperatureeof up t o  90°C. 

This temperature w i l l  be  g r e a t l y  exceeded near  t h e  sun. 

planned s o l a r  probe will be near t he  sun f o r  about 8 weeks. 

The path of t h e  

Consequently 
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s o l a r  cells  f o r  s o l a r  probes must undergo r i g i d  tests of t h e i r  a b i l i t y  t o  

withstand high operating temperatures over a long period of t i m e .  

known that the  s o l a r  ce l l  c h a r a c t e r i s t i c  is  changed under extremely 

high temperatures1). 

of leaks. 

t h e  t h i n  n-layer and s h o r t  c i r c u i t s  t h e  pn- t rans i t ion .  

po in t  t o  t h e  usefulness of studying t h e  proper t ies  of s o l a r  cells with a 

t h i c k e r  than normal n-layer. 

It is 

This fact can only be explained by the  formation 

These can occur when the contact material i s  d i f fused  through 

These reasons 

Without knowing t h e  exact t r a j ec to ry  d a t a  of a s o l a r  probe which w i l l  

approach t h e  sun as c lose  as 0.3 astronomical u n i t s  one can roughly es t i -  

mate t h a t  t h e  r ad ia t ion  received i n  t h e  course of t h e  mission during t h e  

passage through t h e  e a r t h ' s  rad ia t ion  b e l t  and during the  f l i g h t  t o  and 

around the  sun must be subs t an t i a l ly  below t h e  equivalent dose f o r  missions 

near t h e  ear th .  This assumption, t o  be proved later on, permits us t o  

consider t h e  use of s i l i c o n  with a lower ohm r a t i n g ,  f o r  ins tance  down 

t o  s p e c i f i c  r e s i s t ances  of 0.2 n c m ,  f o r  t h e  planning of a s o l a r  ce l l  

f o r  a s o l a r  probe. 

To increase t h e  electrical output of a s o l a r  cel l  it is necessary t o  , 

minimize t h e  i n t e r n a l  r e s i s t ance .  A series r e s i s t a n c e  that i s  smaller 

than t h e  usual ones increases  t h e  performance of s o l a r  cells a l s o  near 

t h e  ear th .  

near t h e  sun under in t ens ive  insolation. 

Above a l l ,  a smal le r  s e r i e s  r e s i s t ance  w i l l  have many advantages 

Aside from t h e  s t r u c t u r a l  arrangement of t h e  contac t  e l ec t rodes  on the 

upper s i d e  of t h e  ce l l  (number, width and depth of f inge r s )  t h e  r e s i s t a n c e  

of t h e  t h i n  n-layer and of t h e  basic mater ia1 ,cont r ibu te  t o  t h e  i n t e r n a l  

r e s i s t ance .  
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1.3 Scope 

The s o l a r  cells f o r  t h e  so l a r  probe are subjected t o  m i n i m u m  tempera- 

t u r e s  of -64OC near t h e  e a r t h  and t o  maximum temperatures of +14OoC near 

t h e  sun. The maintenance of these temperature l i m i t s  is assured through 

proper design. With v e r t i c a l  incidence in so la t ion  w i l l  increase  from 1 AM0 

t o  11 AM0 near  t h e  sun. 

s a t i s f a c t o r y  operation both under conditions of low temperatures and small 

i n s o l a t i o n  near t h e  e a r t h  as w e l l  as under those of high temperatures and 

high i n s o l a t i o n  near t h e  sun. 

The s o l a r  ce l l  must produce enough energy f o r  

S t a r t i n g  with t h e  w e l l  known type IV s o l a r  c e l l  we must examine whether 

from t h i s  type ce l l  we may, with as few manufacturing changes as possible,  

de r ive  a cel l  s u i t a b l e  f o r  a so la r  probe. 

In order t o  arrive experimentally a t  a meaningful so lu t ion  i n  t h e  s h o r t  

t i m e  a v a i l a b l e  it seemed advisable t o  make f i r s t  of a l l  a t h e o r e t i c a l  study 

or t h e  t r a n s i t i o n  from the  known type I V  t o  t h e  new type V cell.  

w i th  measurements on type  I V  c e l l s  f o r  i n so la t ion  of 1 AM0 and var ied  t h e  

number, width and depth of f ingers ,  t h e  n-layer r e s i s t ance ,  the bas i c  

r e s i s t ance ,  i n so la t ion  and temperature i n  an optimization computation. 

W e  s t a r t e d  

The execution of such a n  optimization computation appeared of par t icu-  

lar importance a t  the  start of our research s ince  a t  t h a t  t i m e  no d e c i s i o n  

had as y e t  been reached as t o  t h e  form of t h e  sa tel l i te  and consequently as 

t o  the  temperature and in so la t ion  conditions of t he  s o l a r  cells. A theo- 

retical  optimization could thus consider i n  advance a l l  e v e n t u a l i t i e s  which 

could modify t h e  mission during the course of the  experimental research. 

For t h i s  reason w e  undertook t h e  optimization computation a t  the  beginning 

o f  our  research. From i ts  results and taking i n t o  account t h e  c h a r a c t e r i s t i c  
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da ta  of t he  s o l a r  probe which had i n  the  meantime been l a i d  down and some 

preliminary experimental work it  was then possible ,  through modification 

of a few production procedures, t o  der ive  a s o l a r  cel l  type s u i t a b l e  f o r  

a s o l a r  probe, from t h e  type IV ce l l .  It was then the  mission of t he  

experimental study t o  see whether theory and experiment agreed and t o  

determine experimentally t h e  propert ies  of type V s o l a r  cells under t h e  

extreme operat ing condi t ions of t h e  s o l a r  probe. 

\ 



. 

2. Short C i rcu i t  Current Density 

2.1 Spec t ra l  S e n s i t i v i t y  

The o p t i c a l l y  impressed current dens i ty  of a s o l a r  ce l l  may be  broken 

up according t o  t h e  wave length spectrum of the  s o l a r  rad ia t ion :  

I = [j ( ) d 

The spectral dens i ty  j may be represented as follows: 

, where is  t h e  length of t h e  l i g h t  wave. 

e represents  t h e  elementary charge and n t h e  s p e c t r a l  func t ion  of t h e  

dens i ty  of t h e  photon stream. The r e f l e c t i o n  c o e f f i c i e n t  r is meant t o  

inc lude  a l s o  the  absorption i n  t h e  p ro tec t ive  and tempering layers.  

t h e  absorption coe f f i c i en t  i n  t h e  s o l a r  ce l l  and d t h e  thickness of t h e  

k is 

s o l a r  cell. 

of t h e  s o l a r  ce l l  has no e f f e c t  on t h e  impressed cur ren t .  

It is assumed t h a t  the so f a r  unabsorbed l i g h t  on the  back 

The i n t e r n a l  

quanta y i e ld  

absorbed;light quantum produces. 

t h e  absorption edge.) 

i s  t h e  number of  e lec t ron  - aper ture-pa i rs  which an 

( pmay be assumed t o  equal 1 up t o  

The co l l ec t ive  c o e f f i c i e n t  d r e p r e s e n t s  t h e  pro- 

b a b i l i t y  of an o p t i c a l l y  produced e l ec t ron  - ape r tu re  - p a i r  cont r ibu t ing  

t o  t h e  impressed cur ren t .  The impressed cur ren t  is t o  be measured as a 

s h o r t  c i r c u i t  cur ren t .  Only under very high i n s o l a t i o n  does t h e  s h o r t  

c i r c u i t  cur ren t  l o se  a p a r t  of the impressed cur ren t .  

t h i s  again i n  t h e  next pa r t .  

by measurement of j when the  remaining q u a n t i t i e s  are known. 

W e  s h a l l  r e f e r  t o  

According t o  t h e  above formula one obta ins  

Naturally it 

is  he lp fu l  when the  thickness of t he  s o l a r  cel l  is l a r g e  enough so t h a t  

kd $1 is va l id  for a l l  wave lengths. 

chosen so t h a t  _ -  

The tempering l aye r  should be 

J N  ( A >  dh,  N < h )  i: n thj t'. th> p c h >  6c h 1, 

becomes minimal . 



2.2 Two-Layer Model 

I n  order t o  ob ta in  a simple t h e o r e t i c a l  expression f o r d  t h e  f r o n t  and 

back layers  of t h e  s o l a r  cells, which are separated by t h e  pn- t rans i t ion ,  

are regarded as homogeneous. 

a Shockley curve. 

f o r  d depends2), include, besides t h e  absorption constant k, t he  f r o n t  

and back layer  thicknesses dl and d2, t h e  d i f fus ion  lengths i n  these  

l aye r s  L1 and L 

f r o n t  and back sl and s2. 

is s u f f i c i e n t l y  l a rge  s2 is of no importance, 

approaches its i d e a l  va lue  1 the  l a rge  Ll/dl and L2/d2 and t h e  smaller 

sl and s are. 

The pn- t rans i t ion  m e t  be abrupt and show 

The e s s e n t i a l  parameters, on which t h e  r e s u l t i n g  formula 

as w e l l  as t h e  surface recombination v e l o c i t i e s  on t h e  2 

When t h e  thickness of t he  s o l a r  cel l  d = dl + d2 

The c o e f f i c i e n t  n a t u r a l l y  

2 

One can attempt, through adaptation on experimental -curves t o  

determine the  parameters i n  t h e  formula f o r  4 . The d i f f u s i o n  length L2 

i n  t h e  back l aye r  influences t h e  long wave por t ion  of t h e  d course, t h a t  

is t h e  red s e n s i t i v i t y  of t h e  so l a r  cell.  The s h o r t  wave por t ion  o f <  , 
t h a t  is  t h e  b lue  s e n s i t i v i t y ,  is on t h e  o the r  hand mainly dependent on t h e  

parameters of t h e  f ron t  layer ,  namely dl, L1, and sl. 

can a l s o  be expressed as 

i n t o  a s t r a i g h t  l i n e  toward the  short  wave end of t h e  s o l a r  spectrum, 

because the  parameters of t h e  f r o n t  l ayers  can then be obtained i n  a simple 

manner 3),4),5). 

Function ( 1) 
( l / k ) ,  This is  usefu l  when o( ( l /k )  runs ou t  

But presumably t h i s  only happens when t h e  thickness of 

t h e  f ron t  l aye r  is r e l a t i v e l y  large, from 5 t o  lO/um 4) . However, based 

on t h e  s o l a r  spectrum and function k ( )() f o r  s i l i c o n  t h e  impressed cur ren t  

increases  as t h e  f r o n t  l aye r  thickness dl decreases. 

both theo re t i ca l ly ,  by i n s e r t i n g  p laus ib le  values f o r  t h e  

as w e l l  as experimentally. 

cel ls  with dl - 0.5 u and below is no longer recognizably l i nea r .  

This can be shown 

parameters, 

The extension of func t ion  4 ( l /k )  f o r  s o l a r  

/ 



li 
This circumstance, f o r  one thing, renders more d i f f i c u l t  t h e  compari- 

son of t heo re t i ca l  and experimental O(-curves i n  space. 

theory and experiment coincide most c lose ly  when w e  assume that s1 and L1 

are both e i t h e r  00 o r  0.  Furthermore, t h e  obta inable  coincidence is 

For another, 

6) 

unsa t i s f ac to ry  a t  best .  i 
f 

2.3 Recombining Defects 

From t hese  r e s u l t s  it can be concluded t h a t ,  on the  one hand, t he  

b lue  s e n s i t i v i t y  of s i l i c o n  so la r  cells is  genera l ly  poor and, on t h e  

o t h e r  hand, t h e  two-layer s o l a r  c e l l  model t h a t  was used is unsuited f o r  

t h i n  f r o n t  layers.  A r e a l i s t i c  theory on t h e  con t r ibu t ion  of t h e  f r o n t  

l a y e r  t o  the  impressed cur ren t  would have t o  t r y  t o  eva lua te  t h e  l a rge ly  

d is turbed  s t r u c t u r e  of t h e  f ron t  layer .  

phosphorus concentrations a r e  diffused i n  s i l i c o n ,  phosphorus bearing 

depos i t s  and a l l o y s  are formed 

on t h e  l i f e  of t he  surp lus  charge carriers. 

of t h e  c rye ta1  defpcfe tc he ez:pecte< &rizg 6i fLs5on processes an6 or' t n e  

experimental p o s s i b i l i t i e s  f o r  t h e i r  de t ec t ion  is given by John '). 

d e f e c t s  are p a r t i c u l a r l y  marked in t h e  case of t h i n  d i f fused  l aye r s  as they 

occur i n  s i l i c o n  s o l a r  cells. 

l aye r  shows up as an  inac t ive  layer'). 

t o  look i n t o  t h e  micro-defects of s o l a r  cells  and t h e  recombination mechanisms 

It is known t h a t  when high 

7) . These could have a n  unfavorable e f f e c t  

A comprehensive desc r ip t ion  

These 

I n  t h e  case of r e l a y  diodes a de fec t ive  su r face  - 

It would make an  i n t e r e s t i n g  study 

connected with them 10) . 
2.4 External Quanta Yield 

Figures 1 and 2 show t h e  ex i s t ing  condi t ions  of our  s o l a r  cells. The 

extreme quanta y i e ld  is given 
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The crosses are measuring points of a t y p i c a l  s o l a r  cel l .  

The curves were computed with a formula based on the  aforementioned 

two-layer model. 

wave lengths is determined by t h e  very g rea t  sur face  recombination speed 

s1 = 10 c m / s .  

The decrease i n  t h e  quanta y i e ld  i n  the  case of s h o r t  

7 The change of t he  d i f fus ion  length  L2 in t h e  back l aye r  

s h i f t s  t he  red pa r t  of t h e  spectrum (Figure 1). The assumption of var ious  

f ront - layer  thicknesses d 1 

(Figure 2). The smaller d 

t h e  impressed cur ren t  of t h e  s o l a r  cell. 

a l s o  causes an increase  i n  the  surface r e s i s t a n c e  of t h e  f r o n t  layer .  I n  

accordance with 1.1 t he  quanta yield curves shown i n  Figures 1 and 2 give  

t h e  s h o r t  c i r c u i t  cu r ren t  dens i t i e s  contained in Table 1 below: 

causes a s h i f t  i n  the  b lue  p a r t  of t h e  spectrum 

is, t h e  g rea t e r  is t h e  blue s e n s i t i v i t y  and 

1 

1 

Furthermore, a decrease i n  d 

TABLE 1 
2 10 cm /sec 

7 = 10 cm/sec D,, Lp 20/um 

100 
150 
200 , 

150 
150 
150 
150 

0.1 4. 

0.1 
0.1 

0.1 
0.2 
0.3 
0.5 

37.7 
39.0 
39.8 

39.0 
37.9 
37.0 
35.5 

For purposes of comparison 299 T 51 jk = 36.3 

KZ 2124 
1 

A type I V  s o l a r  cel l  gives,  i n  comparison, a s h o r t  c i r c u i t  cu r ren t  

dens i ty ,  computed from t h e  quanta y i e ld  and the  solar spectrum, of 36.3 d c m  2 . 
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3. Charac te r i s t i c  

3.1 Subs t i t u t e  C i rcu i t  Diagram 

The s o l a r  ce l l  is a source of cur ren t .  The o p t i c a l l y  impressed cu r ren t  

IE has t h e  d i r e c t i o n  of  t h e  inverse cu r ren t  during t h e  pn- t rans i t ion .  

r e s i s t a n c e  i n  the  ex te rna l  c i r c u i t  causes a l o s s  of power which poles t h e  

The 

pn- t rans i t ion  i n  t h e  forward d i rec t ion .  A p a r t  of t h e  impressed cur ren t  

is thus l o s t  as "diode forward current" corresponding t o  t h e  dark char- 

acter is t ic  of t h e  pn-transit ion.  The impressed cu r ren t  is thus d i s t r i b u t e d  

over t he  ex te rna l  working res i s tance  and over t he  i n t e r n a l  pn- t rans i t ion  

poled i n  t h e  forward d i r ec t ion .  The f i r s t  p a r t i a l  cu r ren t  s h a l l  be c a l l e d  

the  working cu r ren t  o r  cu r ren t  I from t h e  s o l a r  cell  f o r  shor t .  The second 

p a r t i a l  cur ren t  s h a l l  be c a l l e d  diode cur ren t  5.  
r e s i s t a n c e  between 0 and i n f i n i t y  produced the  s o l a r  c e l l  c h a r a c t e r i s t i c .  

The change i n  t h e  working 

When i d l i n g  t h e  e n t i r e  impressed cur ren t  i s  used as diode cu r ren t  and thereby 

bu i lds  up t h e  i d l i n g  tens ion  UL. 

c u r r e n t  flows as s h o r t  c i r c u i t  current over t he  ex te rna l  c i r c u i t .  The sub- 

I n  case of s h o r t  c i r c u i t  t h e  impressed 

s t i t u t e  c i r c u i t  diagram f o r  a so la r  cel l  is thus composed of a cu r ren t  

source with a p a r a l l e l  switched diode ( the 'pn - t r ans i t i on )  as i n t e r n a l  cu r ren t  

l o s s  branch and of t h e  ex te rna l  r e s i s t ance  Rae 

not y e t  taken account of t h e  f a c t  t h a t  a p a r t  of t h e  t ens ion  is a l r eady  

l o s t  i n s i d e  of t h e  s o l a r  cell. 

i n t e r n a l  r e s i s t a n c e  Ri. 

I n  t h i s  desc r ip t ion  we have 

We must t he re fo re  add t o  Ra a n  e f f e c t i v e  

Altogether we thus ge t  

where I is a negative value. The diode tens ion  becomes E 
UD * I ( R i  + Re) 3 U + I R i  

U being t h e  ex te rna l  tension. For t h e  diode cu r ren t  w e  can make t h e  

Shockley statement 
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kT where Io represents  t h e  sa tu ra t ion  current  i n  inverse  d i r e c t i o n  and $) = - Ae 
t h e  temperature tens ion  (k Boltzmann constant ,  T absolu te  temperature, e 

elemental  charge, A Shockley constant) .  The c h a r a c t e r i s t i c  parameters 

I E ,  Io, Ri and A 

can be deduced from measured cha rac t e r i s t i c s .  In  t h e  previous sec t ion  w e  

a l ready  gave a model theory f o r  IE. 

terms of sho r t  c i r cu i t  cur ren t  IK and i d l i n g  tens ion  UL. 

s u f f i c i e n t l y  high inso la t ion ,  IK is smaller than 5. 
meters Ri and A could then b e  adjusted t o  obta in  t h e  measured optimum work- 

ing  point .  This is t h e  poin t  on the  c h a r a c t e r i s t i c  curve having tension Um 

and cur ren t  I,,,, a t  which the  so l a r  ce l l  performs bes t .  

t h a t  although with the r i g h t  parameters experimental c h a r a c t e r i s t i c  curves 

can be exce l len t ly  reproduced i n  t h e i r  e n t i r e  course the  i n t e r n a l  r e s i s t ance  

Ri c l e a r l y  comes out  too small. i 

ins tance  from t h e  dark cha rao te r i s t i c  (given a s u f f i c i e n t l y  large cur ren t  

t h i s  is s o l e l y  determined by Ri) o r  from two c h a r a c t e r i s t i c s  f o r  d i f f e r e n t  

i l lumina t ions  ( t h a t  is various IE) . 
resented here  cannot be used indiscr iminately.  

Ri as experimental value i n  the  c h a r a c t e r i s t i c  curve adjustment and thereby 

obtained p r e t t y  near ly  A = 1. 

used i n  the  following s tud ie s .  

account was taken of the  f a c t  tha t  t he  contact  g r i d  covers a p a r t  of t h e  

f r o n t  of  the s o l a r  cel l ,  which means t h a t  IE corresponds t o  a smaller s u r -  

f ace  than Io. 

5 and Io can e a s i l y  be expressed i n  

I n  case of 

The remaining para- 

Tests have shown 

For R can a l s o  be measured d i r e c t l y ,  f o r  

11) The s u b s t i t u t e  c i r c u i t  diagram rep- 

This is why we  used parameter 

The Shockley constant  has the re fo re  a l s o  been 
> 

In t he  c h a r a c t e r i s t i c  curve adjustment, 

3.2 Effec t ive  In t e rna l  Resistance 

The expected i n t e r n a l  res is tance can be estimated theo re t i ca l ly .  For 

i t  is made up’of t he  contact  res is tances  and those of t h e  g r id  f inge r s ,  as 



-12- 

w e l l  as t h e  f r o n t  and back layers of t h e  s o l a r  cells. 

are not taken i n t o  account here. 

t he  s p e c i f i c  r e s i s t a n c e  ? 
i n  t h e  f r o n t  l aye r  is inhomogeneous. 

Contact r e s i s t ances  

The back-layer r e s i s t a n c e  % depends on 

of the  bas ic  material. The cu r ren t  d i s t r i b u t i o n  

Because of t h e  cons tan t  source 

cu r ren t  i n t e n s i t y  on t h e  su r face  t h e  cu r ren t  i n t e n s i t y  increases  toward 

t h e  g r i d  f ingers .  Likewise t h e  current i n  t h e  f inge r s  increases  toward 

t h e  contact c o l l e c t i n g  bar. 

i n  a n  inhomogeneous d i s t r i b u t i o n  of t he  electrical f i e l d .  

The inhomogeneous cur ren t  d i s t r i b u t i o n  r e s u l t s  

These cur ren t -  and 

f i e l d  conditions can at bes t  be made up by an  e f f e c t i v e  component % to t h e  

i n t e r n a l  r e s i s t ance  R f ront -  

l aye r  res i s tance) .  

l aye r ,  i nc lus ive  of t h e  contac t  grid,  is res tored .  R depends not only 

on t h e  s p e c i f i c  r e s i s t ance  of the f inge r  material but a l s o  on t h e i r  number 

where R = % + RS ($ f inge r  r e s i s t ance ,  R i' T S - 
is so chosen t h a t  t h e  energy used up i n  t h e  f ront -  

F 

ZF, t h e i r  width FB and t h e i r  depth FT. RS is e s s e n t i a l l y  determined by t h e  

ULI weii us by ZFo For iis we ger; a formula % i i ~ ~ i i u ~ ~ b ; ~  buLIac= Leeiaiui icr 

similar t o  t h e  one of To sum up we have 

Ri = a.% + 
The f a c t o r  '@att is so chosen t h a t  t h e  experimental va lue  f o r  Ri is repro- 

duced. I n  p r a c t i c e  w e  ge t  values f o r  "a" between 1 and 2. 

3.3 General Graphic Presentation 
I 

The model given f o r  t h e  in t e rna l  r e s i s t ance  i n  the  preceding s e c t i o n  is  

necessa r i ly  very questionable and thus a l s o  t h e  appurtenant s u b s t i t u t e  cir-  

c u i t  diagram of s e c t i o n  3.1. The three-dimensional cu r ren t  d i s t r i b u t i o n  

caused by t h e  g r i d  p a t t e r n  should r e a l l y  be taken i n t o  account, bu t  f o r  

p r a c t i c a l  purposes t h i s  would be much too complicated. 

i n t o  account a two-dimensional po ten t i a l  and cu r ren t  d i s t r i b u t i o n  i n  the  

But one could take  

f ront - layer  of t h e  solar cell  and also t h e  back-layer r e s i s t a n c e  The 53 
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tens ion  a t  t h e  pn- t rans i t ion  and with i t  t h e  diode cu r ren t  dens i ty  are 

determines a d i f f e r e n t i a l  f ron t -  
? s  

l o c a l l y  d i f f e r e n t .  Surface res i s tance  

l a y e r  r e s i s t ance .  A f u r t h e r  possible s impl i f i ca t ion  would c o n s i s t  i n  con- 

s i d e r i n g  t h e  p o t e n t i a l  and current d i s t r i b u t i o n s  i n  d i r e c t i o n  of t h e  contac t  

f i nge r s  and v e r t i c a l  t o  them as independent from each o ther .  But even such 

a s impl i f i ed  s o l a r  ce l l  model does not seem t o  have been s tudied  up t o  now. 

The next s t e p  cons i s t s  i n  tak ing  only i n t o  account a one-dimensional poten- 
I 

t i a l  d i s t r i b u t i o n  i n  t h e  front-layer:  

t h e  g r i d  f ingers  but not p a r a l l e l  t o  them. A l o s s  of p o t e n t i a l  i n  t h e  

t h e  p o t e n t i a l  w i l l  change between 

f inge r s  is not taken i n t o  account (unless we subsequently add an  e f f e c t i v e  

f i n g e r  res i s tance) .  
- - 

This model was computed f o r  various parameters by 

Beckmann13). I n  t h e  model i n  sec t ion  3.1 it is assumed t h a t  t h e  p o t e n t i a l  

i n  t he  f ront - layer  is  constant, The i n t e r n a l  r e s i s t a n c e  o r  t h e  lo s ses  of 

p o t e n t i a l ,  p a r t i c u l a r l y  i n  t h e  front-layer,  have a n  increas ingly  unfavorable 

e f f e c t  on t h e  output of t h e  solar cel l  a t  higher rates of inso la t ion .  For 

a t h e o r e t i c a l  treatment of a poss ib le  gr id  conf igura t ion  a t  high in so la t ion  

t h e  s u b s t i t u t e  c i r c u i t  diagram of s e c t i o n  3.1 i s  hard ly  s a t i s f a c t o r y .  

s p i t e  of  t h i s  we s h a l l  use it  for t h i s  very purpose because of  i ts  s impl ic i ty .  

I n  
l ' i  

3.4 Grid and Inso la t ion  

The output o,f a s o l a r  ce l l  a t  t h e  optimum working point N m =  UmIm 

should, with due allowance f o r  ce r t a in  secondary requirements, be as l a r g e  

as possible.  

curve values,  namely s h o r t  c i r c u i t  cur ren t  I 

f a c t o r  f = UmI,,,/U I 

t o  keep t h e  r e f l e c t i o n  and recombination lo s ses  small. 

I n  order  t o  obta in  t h i s  one must try t o  make t h e  c h a r a c t e r i s t i c  

i d l i n g  tens ion  UL and curve 

As regards IK it is important 

K' 
as l a r g e  ae  possible.  1 K' 

We mentioned t h a t  

a l r eady  i n  s e c t i o n  1. 

of t h e  s o l a r  cells. 

U gains by heavy doping of t h e  f r o n t  and back l aye r s  
L 

io f is unfavorably influenced by i n t e r n a l  r e s i s t a n c e  R 
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The c h a r a c t e r i s t i c  material and construction parameter of a s o l a r  cel l ,  namely 

f ront - layer  doping, f ront - layer  surface r e s i s t ance  

r e s i s t a n c e  YB and t h e  g r id  configuration, can have an  opposite e f f e c t  on 

t h e  curve values. Moreover, secondary requirements impose l i m i t s  on t h e  

material parameters. 

as poss ib l e  f o r  t h e  bene f i t  of UL. However, when considering t h e  d i f f u s i o n  

of t h e  f ront - layer  one should a l s o  take  i n t o  cons idera t ion  the  c r y s t a l  d i s -  

, s p e c i f i c  back-layer 9 s  

For example the  f ront - layer  doping i s  made as l a r g e  

must be as l a r g e  
? s  

turbances i t  causes which decrease I (sec t ion  1.3). 

as poss ib l e  i n  favor of IK (section 1.4) but t he  opera t ing  dependabili ty of 

t h e  s o l a r  cel l ,  p a r t i c u l a r l y  under higher temperatures, l i m i t s  

back-layer doping is expressed by 

increases  U and reduces R L i' 

but f o r  reasons of r a d i a t i o n  res i s tance  

is in no way determined by os. 

K 

The '3 . A decrease i n  qB decreases I but 
CZB K 

9 B Y  
A l l  i n  a l l ,  Nm is favored by a small 

cannot become too small. Ri 

But 
?B 

9 S' That i s  why Ri does not l i m i t  

influences R We s h a l l  consider t h e  number of f inge r s  Z as var iab le .  9 s  i' F 

The most unfavorable inf luence  of a 

by add i t iona l  f i nge r s .  

The t r u e  Z value  the re fo re  represents a compromise between a smaller R. and F 

a l a r g e  . 
connection. 

f o r  R i 

and t h e  f inge r  depth F 

as possible.  

conduc t ib i l i t y  and t h e  l o s s  surface are t o  be maintained. 

R i w i l l  be decreased. 

are l imi ted  on technological grounds. 

conduc t ib i l i t y ,  a t  least f o r  as long as t h e  finger r e s i s t ance  s t i l l  i n f l u -  

o s  value on Ri can thus be compensated 

The.surface covered by t h e  contac t  g r i d  decreases . Tr 
1 

5 
We f ind  t h a t  t h e  value of Ps plays a subordinate r o l e  i n  t h i s  

The remark made above t h a t  Qs is  not t h e  determining f a c t o r  

IK 

is t o  be  understood i n  t h a t  sense. As concerns t h e  f i n g e r  width FB 

FB should be as small as poss ib le  and FT as l a r g e  T' 
Smaller FB would of course mean l a r g e r  ZF i f  the  t o t a l  f i n g e r  

But i n  doing so 

The smallness of FB and with it t h e  largeness of ZF 

Larger F would improve t h e  f i n g e r  
T 

ences Ri. But F cannot exceed an acceptab le  measure i n  favor of  T 
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mechanically s t a b l e  contac ts  w i t h  any given F 

arrdngement of  a s o l a r  c e l l  is  a complex problem. 

To be sure, t h e  proper 
B* 

However, i f  one estab- 

F and FT on t h e  bas i s  of more o r  less a r b i t r a r y  l i s h e s  ysy YB¶ B 

secondary condi t ions,  t he re  remains as an  open parameter only ZF. 

under condi t ions of higher inso la t ion  Ri reacts unfavorably on t h e  working 

poin t  t he  optimum ZF w i l l  a l s o  increase w i t h  the  in so la t ion .  On t h e  b a s i s  

of t h e  model described i n  3.1 and 3.2 Nm is computed as a funct ion of ZF 

f o r  var ious temperatures. 

always corresponds t o  t h e  optimum 2 

are cells with Z '7, ZT=2.2. 

Since 

We get a more o r  less w e l l  defined maximum which 

S t a r t i n g  poin t  of t he  computation F *  
2 10m4cm, FB = 1.35 . 10 c m  as w e l l  a s  c e r t a i n  F 

9 and values ,  IK, UL, and Ri are measured on normal cells given 

Ins = 1 AM0 and a c e r t a i n  temperature. h, Io and the f ac to r  Itat1 i n  the  

expression f o r  R are known, namely as a funct ion of 

depending on t h e  normal cel l  type and the  measyrement temperature. 

we can c a l c u l a t e  Pm under va r i a t ion  of ZF, FT and FB. 

7 s '  9 B  and i 
Now 

Higher in so la t ions  

are introduced by means of IEh*Ins.  

fu lness  of t h e  computaaion pa r t i cu la r ly ,  of course, i n  t he  case of high 

temperatures. See s e c t i o n  3.3. From t h i s  i t  w i l l  be  noted t h a t  t he  

The f reez ing  of I1a0 l i m i t s  t he  use- 

r e s u l t s  of t he  computations should only be looked upon as q u a l i t a t i v e  

extrapolat ions.  
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4. Computation of t h e  Grid Optimization 

The gr id  form and t h e  electrical c h a r a c t e r i s t i c  values of type IV s o l a r  

cells were made t h e  bas i s  of t h e  optimization computation of  t h e  g r i d  strut- 

tu re .  = 1 0 h c m  and t h e  l a y e r  P B  These have t h e  s p e c i f i c  r e s i s t ance  

res is tance p s  = 60Rlu 

4.1 Finger Width 

As t h e  va lue  t o  be optimized t h e  maximum power output was chosen. The 

optimization was  ca r r i ed  o u t  i n  severa l  s t eps .  

f i n g e r  depth FT = 2.2 um we  then took, a t  t h e  standard measurement tempera- 

t u r e  of +28OC, t h e  maximum power computed as a function of t h e  number of 

For a type I V  cel l  wi th  a 

/ 

f inge r s ,  whereby t h e  f i n g e r  width v a r i e s  as parameter. 

standard f inge r  width of 135 um the computation was a l s o  c a r r i e d  ou t  f o r  

h a l f  and double t h e  standard f inger  width, namely f o r  67.5/um and 270/um. 

As a f u r t h e r  parameter t he  in so la t ion  was changed i n  f i v e  s t e p s  from 0.25 

AM0 t o  15 AMO. With t h e  smallest i n s o l a t i o n  of 0.25 AM0 (Fiwe 4) t h e  

l a r g e s t  a c t i v e  sur face  brings the  h ighes t  maximum power. The optimum 

number ,of f ingers  l ies  between 6 and 10. Figure 5 shows t h e  conditions 

wi th  a n  in so la t ion  of 1 AMO. 

toward a higher number of f ingers  and becomes less w e l l  defined. 

f o r  t he  standard f inge r  width, between 6 and 12 f inge r s .  

I n  add i t ion  t o  t h e  

f 

I 

The optimum of the  maximum output s h i f t s  

_-  It lays ,  

With increas ing  

in so la t ion  the  maximum power increases about propor t iona l ly  with t h e  in ten-  

s i t y .  

f i n g e r  width has no influence on t h e  power generated. 

l a t i o n  (Figures 7 and 8) t h e  optimum s h i f t s  toward a g r e a t e r  number of f inge r s ,  

t h a t  is t o  say, t h e  series re s i s t ance  decreases i n  t h e  measure i n  which t h e  

contac t  sur face  increases  and the a c t i v e  su r face  decreases. The opt imm 

of t h e  maximum output then moves t o  a f inge r  number f a r  removed from the  

most favorable number necessary for  operation of s o l a r  cells near t h e  ea r th .  

With 5 AM0 (Figure 6) and wi th  a number of f inge r s  up t o  12, t h e  

With increas ing  inso- 
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Since, however, i n  t h e  case of a s o l a r  probe, one and the  same s o l a r  ce l l  

must opera te  wi th  maximum ef f ic iency  both near t h e  e a r t h  and near t h e  sun 

and s ince ,  furthermore, t h e  contact p a t t e r n  must be t echn ica l ly  f e a s i b l e ,  

t h e  number of g r id  f inge r s  t h a t  come i n t o  question, a f t e r  t h i s  preliminary 

examination, must be on t h e  order of a one d i g i t  number, 

4.3 Finger Depth 

A second s t e p  of t he  optimization computation keeps constant t h e  f i n g e r  

width of  135ium and s t u d i e s  t h e  maximum output as func t ion  of t h e  f i n g e r  

number with the  f i n g e r  depth as parameter. As t h e  contac t  p a t t e r n  is  pro- 

duced by a vapor iza t ion  process we have examined only f i n g e r  depths of 1.1 

t o  4.4/um because g r e a t e r  f i nge r  depths appeared u n r e a l i s t i c .  

small i n so la t ions  t h e  inf luence  of t h e  thickness of t h e  contact f i nge r s  is 

small although i t  can c l e a r l y  be recognized t h a t  even with an i n s o l a t i o n  of  

1 AM0 (Figure 9 )  t h e  g r e a t e r  f inger depth produces not iceably  g r e a t e r  maxi- 

I n  case of 

.* mum outputs. The l a r g e r  t h e  s t r i k i n g  s o l a r  i n t e n s i t y  (Figures 10-12) t h e  

depth. 

g r e a t  as the  Vaporization technique and the  adhesive s t r e n g t h  on t h e  s i l i c o n  

To sum up, we can say about t h e  f inge r  depth t h a t  it should be as 
r u  

su r face  permit. 

4.3 Layer Resistance o f  t h e  n-Layer 

From t h e  two optimization steps w e  f ind  t h a t  a f i n g e r  width of 135 urn / 
and a f i n g e r  depth of 2.2 um represent favorable values f o r  t h e  design of a 

contac t  pa t te rn .  

t h e  t h i r d  optimization s t ep .  

s tud ied  t h e  maximum output as a function of t h e  f i n g e r  number varying t h e  

l a y e r  r e s i s t ance  of t h e  t h i n ,  highly doped n-layer op t h e  s i l i c o n  surface.  

For type I V  cells the  l a y e r  res i s tance  amounts t o  6 0 & 0  . 

/ 
These two numerical values w i l l  be kept constant during 

In  t h i s  t h i r d  optimization s t e p  w e  have aga in  

W e  have 
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I 1  

i 

contemplated a reduction of t h e  layer r e s i s t ance  f o r  two reasons. The rough 

ca l cu la t ions  described i n  sec t ion  2.4 concerning t h e  inf luence  of t h e  thick- 

ness of the  n-layer on t h e  quanta y i e ld  of the  s o l a r  cel l  and on t h e  ex t ra -  

terrestrial s h o r t  c i r c u i t  current dens i ty  have shown t h a t  wi th  decreased 

l a y e r  r e s i s t a n c e  accompanied by a g r e a t e r  n-layer thickness the  diminution 

of t h e  blue s e n s i t i v i t y  and with it t h e  decrease o f  t h e  s h o r t  c i r c u i t  cu r ren t  

dens i ty  remain l imi ted .  A decrease i n  t h e  b lue  s e n s i t i v i t y  is of no p a r t i -  

c u l a r  concern f o r  t h e  simple reason t h a t  t h e  g l a s s  covers and adhesives 

which are normally used have l i t t l e  transparency i n  space. 
> 

It a l s o  appeared 

advantageous t o  increase  t h e  thickness of t h e  n-layer as compared t o  type 

I V  i n  order t o  delay, under high tempeEatures, t h e  d i f f u s i o n  of  t h e  contac t  

metals through t h e  n-layer u n t i l  i t  reached t h e  pn- t rans i t ion .  

We have therefore  constructed from various base materials of 10&m 

and l h c m  s i l i c o n  s o l a r  cells  having a l aye r  r e s i s t a n c e  of 60,  30, 15 and 

A n ,  4 
o 9-1 . L I I ~  urarrurelueiii v a i u e s  ubiaiued Iruui  i k a e  ~ = I ; P  I v r  ii:rvri. L L i -  

c u i t  cur ren t ,  i d l i n g  tension and maximum output (Figures 13 - 15) formed t h e  - 
s t a r t i n g  point f o r  t h e  f u r t h e r  optimization computation. The maximum power 

y i e l d  as a func t ion  of t h e  finger number was ,  i n  tu rn ,  s tud ied  f o r  t hese  
I ,  

4 l aye r  r e s i s t ances  as parameter f o r  3 d i f f e r e n t  i n so la t ions  between 1 AM0 

and 10 AMO. The r e s u l t  shows almost no d i f f e rence  when using l aye r  resis- 

tances from 60 - 30 A/ a . 
not iced  only when the  l a y e r  r e s i s t ance  drops to  15 . Figures 16 - 18 

would suggest t h e  development of a s o l a r  cell ,  unaffected by changes of 

- 

A d e f i n i t e  power decrease of over 10% can be 

temperature, having a th icker  n-layer. 

4.4 p-Si l icon  wi th  a Basic Resistance of 14 c m  

The fou r th  optimization step extends t h e  ana lys i s  t o  p-s i l icon  with a 

bas i c  r e s i s t a n c e  of 1 a / c m .  This low ohm bas i c  material was  chosen fol: 



. t w o  reasons. 

e l ec t rons  f o r  t h e  s o l a r  probe gives a low value of loL3 - 1014 1 MeV- 

electrons/cm . 

A rough estimate of t h e  annual equivalent dose of 1 MeV- 

2 From t h e  standpoint of r ad ia t ion  r e s i s t ance  of t he  s o l a r  

cells t h e  use o f  low ohm s i l i c o n  appears e n t i r e l y  reasonable. 

The second reason concerns the production of a s o l a r  c e l l  from low 

ohm s i l i c o n  having a subs t an t i a l ly  g rea t e r  i d l i n g  tens ion  and g r e a t e r  maxi- 

mum output than conventional s o l a r  cells, considering t h e  l imi ted  possi-  

b i l i t i e s  afforded by the  small radiation. I n  t h e  next numerical optimiza- 

t i o n  s t e p  we  have the re fo re  examined t h e  maximum output i n  r e l a t i o n  t o  t h e  

f i n g e r  number f o r  14. c m  s i l icon-  as bas ic  material wi th  4 d i f f e r e n t  

thicknesses of t h e  n-layer a8 parameter. The r e s u l t s  set down i n  Figures 

19 - 21 f o r  i n so la t ions  of 1 AMO, 5 AM0 and 10 AM0 show q u a l i t a t i v e l y  the  

s a m e  behavior as with higher-ohm basic material, except t h a t  t h e  abso lu te  

amounts of t h e  maximum output a r e  considerably higher f o r  low-ohm material 

chan f o r  nign-onm s i i i c o n .  

From these 4 optimization steps i t  appears t h a t  a s o l a r  cell  f o r  a 

mission beginning near t he  e a r t h  and leading t o  t h e  v i c i n i t y  of t h e  sun 

should be made from bas ic  materials having a s p e c i f i c  r e s i s t a n c e  of 1 4 .  

We should a l s o  increase  t h e  thickness of t he  n-layer u n t i l  a l a y e r  r e s i s t a n c e  

of 30 A/ 

t o  maintain the  same number of fingers which have a l r eady  been success fu l ly  

cm. 
r . C  

f 

is reached. From the rough computations it appears advisable  

used on type IV, namely 7. 

_ -  
4.5 Spoolshaped S a t e l l i t e  Body 

I n  a subsequent optimization s t e p  we have examined t h e  behavior of  

s o l a r  c e l l a ,  described i n  t h e  preceding sec t ion ,  which have been placed on 

t h e  two conica l  p a r t s  of a epoolshaped structure at an angle of 39'. This 
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I 

geometrical arrangement had been planned f o r  the s o l a r  probe p r o j e c t  a t  

t h e  t i m e  we had reached t h i s  point in our optimization ana lys i s .  

A t  t h a t  t i m e  t h e  sa te l l i t e  to  be used i n  t h e  p ro jec t  was t o  be i n  

t h e  form of a spool. The sunl ight  was t o  s t r i k e  the  spool perpendicularly 

t o  i t s  axis. 

s o l a r  cells (planned maximum angle of incidence 35') t h e i r  warming up 

would be l imi ted  (planned maximum cel l  temperature 14OoC) on t h e  one hand 

Because of t h e  s l a n t  a t  which the  l i g h t  would s t r i k e  the  

and, on t h e  o the r ,  t h e  e f f e c t i v e  in so la t ion  would be decreased. The la t te r  

condi t ion  could be balanced by the  s t ronger  s o l a r  r a d i a t i o n  nearer  t h e  sun. 
;I 

Because of t h e  s l i gh tness  of t he  expected r a d i a t i o n  damage of t he  s o l a r  

cel ls  w e  based our computation on back-layer material having a s p e c i f i c  

r e s i s t a n c e  of 1 f l c m  which, compared t o  1 0 4 c m  material (as i n  type IV. 

s o l a r  c e l l s ) ,  promises g rea t e r  efficiency. A t  t h e  same t i m e  we  reduced 

t h e  f ront - layer  r e s i s t ance  t o  30&0 (compared t o  6 0 & / ~  i n  type I V  

s o l a r  cells). This hardly causes a l o s s  of power but should r e s u l t  i n  

g r e a t e r  dependabili ty under high operating temperatures because of 

decreased l aye r  r e s i s t ance  and grea te r  thickness of t h e  n-layer. 
I,. 

The question s t i l l  remains regarding t h e  proper design of t h e  g r id  

s t r u c t u r e ,  more e spec ia l ly  t h e  number o f  f inge r s  Z t o  be chosen. Since 

the  spool r o t a t e s  on i ts  axis t h e  angle of incidence a t  which t h e  sun l igh t  

s t r i k e s  a s o l a r  cel l  f luc tua te s  between 0 and 35O of t h e  supplement to 

3 7 1 2  of the vertex angle. 

F 

One could now use a reduced i n s o l a t i o n  averaged 

over t he  spool ro t a t ion ,  corresponding t o  t h e  e x i s t i n g  d i s t ance  of t he  

helios-sun, i n  order  t o  compute the corresponding average s o l a r  ce l l  power 

as a function of Z This was done f o r  a few se l ec t ed  d i s t ances  from t h e  

sun wi th  a few f i n g e r  depths as parameter (standard f i n g e r  depth 2 . 2 1 ~ )  and 

is reproduced i n  Figures 22 t o  24,  

F' 

Since, however, t h e  increase  in t h e  
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power output is less than proportional t o  an  increase  i n  in so la t ion ,  par- 

t i c u l a r l y  i n  t h e  case of  higher inso la t ions ,  one must r e a l l y  average t h e  

output over the  r o t a t i o n  of  t h e  spool and, i n  doing so, one must always 

take  i n t o  account t h e  most favorable working poin t  f o r  every angle of 

incidence. 

outputs so obtained are but s l i g h t l y  less than those obtained f o r  t h e  

corresponding average reduced in so la t ion  value.  This is understandable i n  

view of t h e  mentioned underproportionality. 

r e s u l t s  i n  somewhat l a r g e r  optimum values f o r  ZF because i t  i s  obviously 

advantageous t o  take p a r t i c u l a r  account of t h e  angles of incidence cor res -  

ponding t o  g rea t e r  e f f e c t i v e  inso la t ions .  Besides r e s u l t s  f o r  space tem- 

pe ra tu re  Figures 22 t o  27 a l s o  ahow values f o r  +14OoC. These are based on ' 

an  assumed temperature behavior of the  s o l a r  cells which was obtained 

through ex t r apo la t ion  by our own measurements of t h e  temperature dependence 

up t o  +8OoC. 

approximately agree with the  exterpolated da ta .  

put of t h e  s o l a r , c e l l s  increases  as i t  approaches t h e  sun because of t h e  

s t ronge r  s o l a r  r a d i a t i o n  and, on the  o ther  hand, it decreases because of t h e  

r e s u l t a n t  heating. 

balance and wi th  the  r e l a t e d  energy output of t h e  s o l a r  cells. 

Figures 25 t o  27 i l l u s t r a t e  t h e  r e s u l t s  so obtained. The power 

.I. 

Averaging t h e  outputs a l s o  

Published f igu res  of t h e  c h a r a c t e r i s t i c  d a t a  of s o l a r  cells 

On t h e  one hand, t he  out- 

v 

One should r e a l l y  d e a l  simultaneously with t h e  hea t  

From Figure 27 it  w i l l  be seen t h a t  d e s p i t e  the  high s o l a r  ce l l  temp- 

e r a t u r e  of +14OoC i n  t h e  v i c i n i t y  of t h e  sun, owing t o  t h e  high in so la t ion ,  

a mean power output can be made ava i lab le  which is f a r  above t h e  one obtain- 

a b l e  near t he  ear th .  

open f inge r  number i n  Luch a way t h a t  an optimum output is reached near 

t h e  ear th .  Figure 25 show6 t h a t  f o r  a temperature of +28OC t h e  optimum 

number of f inge r s  i e  from 6 t o  7. 

Consequently it appears u se fu l  t o  choose t h e  s t i l l  
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4.6 Cylinder-shaped S a t e l l i t e  Body 

I n  t h e  meantime, t h e  concept of t h e  s o l a r  probe has changed t o  t h e  

ex ten t  t h a t  ins tead  of  a spool-shaped, a c y l i n d r i c a l  shape is being con- 

s idered .  That is why we have repeated t h e  optimization computations f o r  

t h e  new concept. 

e r a t u r e  of the  s o l a r  cells should be -64OC near t h e  e a r t h  and +140°C a t  a 

d i s t a n c e  of 0.3 astronomical un i t s  from t h e  sun. 

t h e  mean output a t  the  optimum working poin t  as a func t ion  of t h e  f inge r  

number using se l ec t ed  working temperatures and 2 f inge r  depths as parameter. 

I n  addi t ion ,  t h e  requirement w a s  set t h a t  t he  mean temp- 

We have the re fo re  computed 

The averaging of t h e  output extends over t h e  l igh ted  ha l f - revolu t ion  (Figures 

28 - 31). 

revolu t ion  and wi th  a temperature of -64OC, the re  is  a v a i l a b l e  a mean output 

Figure 28 shows t h a t  near t h e  ea r th ,  during t h e  l i gh ted  ha l f -  

a t  t h e  optimum working poin t  of about 55 niW per cell.  The optimum of t h e  

output curve runs f l a t  between 4 and 9 f inge r s .  There are no not iceable  

dLZI=L=iic=w i i i  i i ie case vi Zinger ciepihe between 2 - 9 urn. Near che sun / 
(Figure 31) t h e  increase  i n  t h e  r ad ia t ion  i n t e n s i t y  of  t h e  l i g h t  far sur -  

passes t h e  decrease i n  output caused by t h e  high opera t ing  temperature. 

Therefore i t  seems advisable  t o  design t h e p o l a r  cel l  i n  such a way t h a t  i t  

w i l l  give as l a r g e  an output as poss ib le  near t h e  e a r t h  and a t  t h e  same t i m e  

be a b l e  t o  withstand t h e  high operating temperature near t h e  sun. The s tudy  
- - -  

of  s o l a r  cells  under high temperatures-will  then be an ob jec t  of t h e  

experimental program. 

4.7 Result of t h e  Optimization Computation 

The optimization computation f o r  type V s o l a r  cells r e su l t ed  i n  t h e  

following c h a r a c t e r i s t i c s :  specif i c  r e s i s t ance  o f  t h e  bas io  material 1 n c m .  

Layer resistance of t h e  n-layer 30ao . Titanium-silver contacts.  Finger 

depth about 4/um, The f inge r  arrangement, i n  width and number, corresponds 
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t o  type I V  with 7 contact fingers. 

because the optimization computation had shown that i t  produced a maximum 

output near the earth. 

This contact arrangement was chosen 



* KOH - probably.carbon hydroxyl ( t r a n s l a t o r ' s  no te)  
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5 .  Production of Type V Solar  Cells f o r  Solar  Probes 

The cons t ruc t ion  of type V so la r  cells  is  primarily based on the  guide- 
14) 

l i n e s  furnished i n  research report  BMwF-FB RFT 3013 

1967. ( T i t l e  of t h e  repor t :  Further Development of n/p-Silicon Solar  

Cells with p a r t i c u l a r  regard t o  t h e  use  of s i l i c o n  t i s sue . )  

of cons t ruc t ion  out l ined  i n  t h a t  repor t  should be amended as follows: 

dated 23 December 

The method 

2.1.1 Basic Material 

Wacker-Chemie GmbH, Munich furnished square lamella lapped on both 

s ides .  

Material: 

p-conductive, (B-doped) , or ien ta t ion  111, maximum devia t ion  lo, 

Length of edges 20.W 0.05 ma. thickness 0.365+ 0.015 mm. 

high p u r i t y  s i l i con ,  monocrystalline, c r u c i b l e  pulled,  

- - 

s p e c i f i c  r e s i s t ance  l & m  + 309. Em) max. 10,00O/cm 2 . - 
2.1.2 not appl icable  

2.1.3 Cleaning and Treating 

The lamella are t r e a t e d  under room temperature with u l t r a son ic s  f o r  

3 x 5 min i n  carbon t e t r ach lo r ide  and f o r  2 x 5 min i n  acetone. 

is followed by a two hour bath i n  a 509, KOH* s o l u t i o n  a t  7OoC. 

2.1.4 Diffusion 

Immediately p r i o r  t o  d i f fus ion  t h e  lamella are immersed f o r  3 min 

i n  a 38% so lu t ion  of hydro-fluoric ac id ,  then r insed  i n  d i s t i l l e d  

water, methanol and a sa tura ted  s o l u t i o n  of iod ine  i n  methanol. 

(NH4)2HP0 

oven a t  a temperature of--50O0C f o r  a period of 10 min is used as 

source; t h e  weight of t h e  sample is 2 g. 

This 

p.A. t h a t  has been d i s in t eg ra t ed  i n  advance i n  a sepa ra t e  4 
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The d i f fus ion  requirements are: 

10 min a t  900°C, rap id  cooling (4O/min) t o  75OoC, g e t t e r  1 hour, rapid 

cool ing t o  room temperature. 

with a ve loc i ty  of about 120 l /hour.  

76OoC . 
The bas i s  f o r  t he  choice of t he  d i f f u s i o n  time and temperature is t h e  

Carrier gas is N2/02 i n  a r a t i o  of 3/1 

The source temperature is about 

l aye r  

g l a s s  

be on 

2.1.5 

r e s i s t ance  which is measured on t h e  cells  a f t e r  removal of t h e  

layer  which is formed during t h e  oxydating d i f fus ion .  

the  order  of 30 & 3 4 1  . 
It should 

R e m o v a l  of t he  Glass Layer 

Not appl icable  a t  t h i s  point. 

2.1.6 Lapping of t h e  backside 

For the  removal of t h e  backside the  d i f fused  Si-lamella are cemented 

on g l a s s  with Zeiss wax under high temperature. 

See under 2.1.7. 

Then follows grinding 

...(&I. n~.w vo m a . .  e n  .._ iA-i-;-- - A  &L- C J - - *  -----------_ --- ---.. L W Y  LII. ~ . a -  auoc LYIUYL LC.C.RLU~ o c  ~ U S  *&.-A su=aa~~sussub a&= 

removed with BG 80 

2 n - NaOH. 

water. 

2.1.7 Vaporization of t h e  Contacts 

In  place of cleaning i n  RBS a cleaning i n  a 20% detex 11 so lu t ion  a t  

40°C takes place. 

Short ly  before  placing the lamella in t h e  vaporizat ion apparatus 

t h e  g l a s s  l aye r  is  removed on t h e  n-side by t r e a t i n g  i n  a 38% 

so lu t ion  of HF. 

The (Ag) weight of the  sample at t h e  t ime  of vapor iza t ion  of t h e  

contact  f i nge r s  is 2 g. 

Then the lamella are polished with Aeros i l  and 

The caustic soda i s  removed with a brush under running 



. 

5 

-26- 

2.1.8 Annealing of Contacts 

The annealing temperature was reduced t o  50OoC. 

During the period covered by t h i s  report 500 type V solar c e l l s  were 

produced by th is  process. 

i n  the measurements t o  be described later  on and for the module con- 

struction t e s t s .  

These were used by the firm Mtt,-Boelkow 

b 
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6. Measurement of t h e  Quanta Yield on Type V Solar  Cells and Production 
of a Standard C e l l  

6.1 Measurement of t h e  Quanta Yield and Computation of t h e  Extra- 
t e r r e s t r i a l  Short C i rcu i t  Current 

The quanta y i e ld  is a function of t h e  wave length of t h e  inc ident  l i g h t .  

It i s  defined f o r  a given wave length as t h e  quot ien t  of t h e  number of t h e  

electron-hole p a i r s  separated during the  pn- t rans i t ion  and t h e  number of 

l i g h t  quanta s t r i k i n g  t h e  s o l a r  ce l l .  

With a monochromator t h e  quanta y i e l d  is determined i n  any se l ec t ed  

u n i t s .  

determined by the  PTB*, serves for measuring t h e  in t ens i ty .  The absolu te  

measurement of  the  quanta y i e l d  is done under high i n t e n s i t y  with 5 i n t e r -  

A vacuum-them element, whose relative s p e c t r a l  s e n s i t i v i t y  was  
L ' J  

fe rence  f i l t e r s  of various transmission wave lengths. Here, i n t e n s i t y  is 

measured by means of a s o l a r  cell that had previously been c a r e f u l l y  C a l i -  

b ra ted  with a thermopile, 

An EDV 2002, which also analyzes the  ind iv idua l  measurements, equates 

t h e  relative measurement with the absolu te  measurement us ing  t h e  method of 

t h e  least squares. A t  the  same time a tape pe r fo ra to r  is used t o  give the  

necessary in s t ruc t ions  t o  the  drawing board which graphica l ly  records the  

course of t he  quanta y ie ld .  

During t h e  same process of ca l cu la t ion  t h e  quanta y i e l d  and t h e  extra- 

terrestrial  s o l a r  spectrum are made t o  y i e ld  the  extraterrestrial s h o r t  c i r -  

c u i t  cu r ren t  f o r  t h e  corresponding s o l a r  cell .  

Systematic e r r o r s  may occur during t h e  absolu te  measurement of t h e  in ten-  

s i t y  and t h e  e x t r a t e r r e s t r i a l  s o l a r  spectrum on which i t  is based 15). 

a check f o r  such e r r o r s  seemed t o  be unnecessary a t  t h i s  t i m e  s i n c e  i n  1967 

But 

con t ro l  measurements were carried out  by NASA which dupl ica ted  our r e s u l t s .  

* could be Physical-Technical Federal Office ( t r a n s l a t o r ' s  note). 
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I n  add i t ion ,  we were a b l e  t o  make measurements on a Heliotek-Standard C e l l  

No. 1082 placed a t  our d i sposa l  by Mtt.-Boelkow. Heliotek gives f o r  t h i s  

ce l l  two e x t r a t e r r e s t r i a l  s h o r t  c i r c u i t  cur ren ts ,  obtained through various 

ex t rapola t ions ,  which vary by 1.5%. 

c i r c u i t  cu r ren t s  given by Heliotek. 

Our measurement f e l l  between t h e  s h o r t  

I n  connection with t h e  work done here, comparative measurements t o  be 

c a r r i e d  out  by JPL on balloon borne type I V  cells  w i l l  show t o  what extent: 

t h e  ca lcu la ted  extraterrestrial ahort c i r c u i t  cur ren t  s t i l l  agrees with 

experimental values. 

6.2 Measurement of t h e  Quanta Yield on Type V Solar  Cells 
I ’  i 

Test measurements of t he  quanta y i e ld  on type V s o l a r  cells  r e su l t ed  

i n  a course which is p ic tured  i n  Figure 32, together wi th  t h e  quanta y i e l d  

curve of t h e  standard type I V  cell. 

i n  t h e  red p a r t  of t h e  spectrum t h a t  t h e  devia t ions  are t h e  g rea t e s t .  

The graph shows t h a t  i t  is s p e c i f i c a l l y  

How- 

ever, s ince  t h i s  p a r t  o f  t h e  spectrum is  no t  approximated very w e l l  by t h e  

simulator t h i s  devia t ion  makes i t  necessary t h a t  we have a s p e c i a l  standard 

type V cell.  

6.3 Production of a Standard Type V C e l l  

From a standard cel l  it is required t h a t  it show about t he  same course 
1 %  

of t h e  quanta y i e ld  as the  s o l a r  c e l l s  t o  be measured, taken as a whole. 

Only then do the  deviations of the simulator spectrum from t h e  ex t ra -  

t e r r e s t r i a l  s o l a r  spectrum have no e f f e c t  on t h e  r e s u l t  of t h e  measurement. 

For t h i s  reason, t h e  solar c e l l s  t o  be used as poss ib l e  standard cel ls  

should be so se l ec t ed  from the  t o t a l  type V cell  production t h a t  t h e i r  

electrical  c h a r a c t e r i s t i c s  c lose ly  match t h e  mean values of t h e  t o t a l  body 

of cells. On each of t h e  se lec ted  s o l a r  cells t h e r e  w i l l  then be  made a t  

least th ree  measurements of t h e  quanta y i e ld  and of t h e  e x t r a t e r r e s t r i a l  
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s h o r t  c i r c u i t  current.  

near ly  approach t h e  average, w i l l  then be chosen as standard cell.  

That cell ,  whose ind iv idua l  measurements most 

6 . 4  Mathematical Corrections on the  Measured E l e c t r i c a l  Quant i t ies  

If f u r t h e r  research should show t h a t  a bas i c  standard measure should 

be changed t h e  values measured up t o  t h a t  t i m e  could then be mathematically 

corrected.  

The dependence of t h e  id l ing  p o t e n t i a l  and maximum output on t h e  s h o r t  

c i r c u i t  cur ren t  was derived fromtwo type V s o l a r  cells which, i n  t h e i r  

c h a r a c t e r i s t i c s ,  corresponded t o  the  mean va lue  of t h e  cells as ' a  whole. 

Within t h e  examined limits between 130 and 142 mA t h e  r e l a t i o n  is  l i n e a r .  

For t h e  c o e f f i c i e n t s  w e  ge t  t h e  following: 

K 12,I 

K A I  L m A J  

, 
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To set  t h e  desired i n t e n s i t y  a standard ce l l  w a s  used which, because of 

t h e  energy input t o  be expected under high in so la t ion ,  had been soldered t o  

a block through which flowed water a t  28 C. 
0 

This standard ce l l  was mounted, 

toge ther  with the  high temperature measurement mounting, on a n  a l t e r n a t i n g  

s l i d i n g  ca r r i age  and could thus be brought t o  t h e  measurement s i te  i n  a 
i , \ ,  

reproducible condition. 

Inso la t ions  as high as 11 AM0 could be achieved through changes i n  con- 

s t r u c t i o n .  

lamp housing whose mirror adjustment was var ied  accordingly. 

t h e  xenon spectrum adjustment was not used during t h e  measurements with 

This was done by moving t h e  measuring system c l o s e r  t o  t h e  xenon 

The f i l t e r  f o r  
*I. 

I J" 

high inso la t ion .  

The homogeneity of t h e  i l lumination was  checked with a photo element 

BPY 11 (measuring 2 uan x 3.5 nun). 

dev ia t ion  w a s  10%; with a lamp current of 60 A a maximum of 3% from t h e  

mean value. 

With a lamp curren t  of 40 A t h e  maximum 

r ,  1, 

Figures 41  t o  49 give the  family of c h a r a c t e r i s t i c s  i n  t h e  range of 

temperatures from +28OC t o  +215OC f o r  9 d i f f e r e n t  i n so la t ions  up t o  11 AMO. 

The temperature curves of s h o r t  c i r c u i t  cur ren t ,  i d l i n g  p o t e n t i a l  and maxi- 

mum output are shown i n  Figures 50 t o  52 f o r  1 AM0 and i n  Figures 53 t o  55 

f o r  i n so la t ions  up t o  11 AMO. 

From Figures 50 t o  52 we get,  f o r  an i n s o l a t i o n  of 1 AM0 and tempera- 

t u r e s  above 28'C, t h e  following temperature coef f ic iengs :  
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. 

The connection between temperature and i d l i n g  p o t e n t i a l  o r  maximum 

I n  t h e  case  of t h e  s h o r t  c i r c u i t  cu r ren t  (Figure 5 0 )  output is l i n e a r .  

t h i s  l i n e a r  r e l a t i o n s h i p  e x i s t s  only up t o  about +17OoC. 

temperature t h e  s h o r t  c i r c u i t  current increases more slowly. 

e r a t u r e  dependence of t he  s h o r t  c i r c u i t  cur ren t  is so small t h a t  t h e  ob- 

served devia t ion  from l i n e a r i t y  almost f a l l s  wi th in  t h e  tes t  l i m i t s  f o r  

precgsion. 

e n t i r e l y  explained. 

it. 

t h a t  i n  case of higher temperature t h e  long-wave decrease i n  t h e  quanta 

y i e l d  cume  is s h i f t e d  toward grea te r  wave lengths. 

c i s e l y  f o r  g rea t e r  wave lengths t h a t  t h e  simulator spectrum devia tes  

s u b s t a n t i a l l y  from t h e  s o l a r  spectrum (xenon l i n e s  and f i l t e r  f o r  t h e  

Above t h i s  

The temp- 

The cause of t h e  deviation from t h e  s t r a i g h t  l i n e  is not 

Presumably t h e  simulator spectrum may account f o r  

Earlier measurements of t h e  quanta y i e ld  up t o  about +8OoC showed 

But s i n c e  i t  is pre- 

allppreaginn ~f xe?~~ l ( n n Q \  4k.P *-4s-.l.*t--- 3-t- -.ALL - - L - - 3 - - 3  - - % *  - e  -..--.~Y-cJ D-C  WALL^ Q o ~ a u u a ~ u  C C A A  UE ------ Y --.- 
+28OC did  not  necessar i ly  correspond t o  t h e  t r u e  value. 

1 '  

7 

__ .- 
, e  . . .. 
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7. 

7.1 

I / U  Cha rac t e r i s t i c s  of Type V Solar Cells under Temperatures Ranginq 
from -190OC t o  +2OO0C f o r  Insolations between 0.5 - 11 suns. 

Standard Requirements 28OC, 1 AM0 

The s o l a r  ce l l  is illuminated with t h e  l i g h t  of a xenon high pressure  

lamp XBO 1600. 

(Bauer BL 11 X 2/1). 

t r o l l e d  power pack which keeps constant op t iona l ly  e i t h e r  the  lamp cu r ren t  

o r  t he  l i g h t  i n t e n s i t y  a t  t h e  place of measurement. The xenon spectrum is  

f i t t e d  wi th  a T 6 f i l t e r  made from polished tempax (produced by Jenaer 

Glaswerke Schott u. Gen., Mainz). The s p e c t r a l  course of t he  f i l t e r ' s  

transparency remained unchanged within t h e  prec is ion  l i m i t s  of t h e  tes t  

during the  e n t i r e  measurement operation. 

The lamp is housed i n  a commercially obta inable  lamp housing 

The cur ren t  supply was provided by a t h y r i s t o r  con- 

'LW 

The l i g h t  i n t e n s i t y  w a s  set with the  standard ce l l  f o r  type I V  s o l a r  

c e l l s .  

V s o l a r  cells d i f f e r s  only negligibly (see Figure 32) t h i s  procedure appears 

j u s t i f i e d .  Furthermore, standard cells  f o r  type V becqme ava i l ab le  only 

toward the  end of our research and it d id  not appear advisable t o  change 

standards during t h e  measurements. 

Since t h e  s p e c t r a l  course of t h e  quanta y i e l d  from type I V  and type 

For electrical measurements we used a measurement hookup with a u x i l i a r y  

cu r ren t  source which permitted the exact determination of t he  s h o r t  c i r c u i t  * 

cur ren t  during vanishing c e l l  po ten t ia l .  

measurement s epa ra t e  l i n e s  were always used. 

p o t e n t i a l  from 0 up t o  t h e  i d l i n g  p o t e n t i a l  or i n  t h e  ce l l  cur ren t  from 

the  s h o r t  c i r c u i t  cu r ren t  t o  0 the e n t i r e  I / U  c h a r a c t e r i s t i c s  can be  traced. 

Measurements were made with a d i g i t a l  voltmeter and a n  X-Y recording appara- 

tus .  

ne t ,  bore a family of hyperbola with curves of constant output. 

I'Jb 
For the  cu r ren t  and p o t e n t i a l  

Through changes i n  t h e  cel l  

For s impl i f ied  evaluation graph paper was used which, besides t h e  I / U  



-33- 

I/U c h a r a c t e r i s t i c s  were recorded f o r  a l l  type V s o l a r  cells. The 

s ta t is t ical  eva lua t ion  by means of frequency d i s t r i b u t i o n  gave t h e  median 

va lues  f o r  IK, uL and N . The cells on which the  s p e c i a l  measurements 
m X  

were made were so chosen t h a t  t h e i r  electrical d a t a  approached as c lose ly  

as poss ib le  t h e  median values of a l l  cells. 

7.2 Temperatures under 28OC. Insolation 0.5 t o  1 AM0 

Because of t h e  expected condensation of water vapor t h e  measurements 

were ca r r i ed  out under low temperatures i n  a vacuum apparatus. The ce l l  t o  

be measured is pressed, i n  t h e  apparatus, on a metal block of g r e a t  hea t  

capac i ty  which provides good e l e c t r i c a l  and heat contact.  
11) J 

This block can 

be cooled with cold gaseous o r  l iquid n i t rogen  and warmed wi th  ho t  compressed 

a i r .  The g rea t  heat capac i ty  of t h e  set-up guarantees t h e  necessary con- 

s t a n t  temperature during measurements. The temperature was cons tan t ly  I 
cont ro l led  by means of a n  iron-constantan - thermoelement with re ference  

junc t ion  i n  melting ice. 

With t h e  measuring arrangement that was used i t  w a s  not poss ib le  t o  

b r i n g  op t iona l ly  t o  t h e  place of measurement e i t h e r  a standard ce l l  o r  t h e  

ce l l  t o  be measured. The proper i n t e n s i t y  was the re fo re  set by means of 

a n  a u x i l i a r y  standard cel l ,  For t h i s  purpose, t h e  previously rou t ine ly  

determined shor t  c i r c u i t  cur ren t  w a s  se t  on t h e  c e l l  t o  be measured p r i o r  
J L  

t o  cooling. Then t h e  a u x i l i a r y  standard ce l l  was a f f ixed  i n  t h e  path of 

the rays i n  f r o n t  of t he  low temperature measuring apparatus f o r  t h e  purpose 

of determining t h e  s h o r t  c i r c u i t  cur ren t .  This s h o r t  c i r c u i t  cu r ren t  served 

t o  cont ro l  t he  in so la t ions  t o  be used during t h e  measurements. 

I n  t h e  course of t h e  measurements it became obvious t h a t  t h e  i n i t i a l  

va lue  of t h e  i d l i n g  p o t e n t i a l  was somewhat higher than t h e  va lue  shown i n  t h e  

I/U curves. 

I 

h e  cause f o r  t h i s  is t o  be found i n  a warming up of t h e  s o l a r  
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cells. I n  order  t o  e l imina te  t h i s  e r r o r  a t  t h e  time of temperature determi- 

na t ion  t h e  i n i t i a l  i d l i n g  po ten t i a l  w a s  p lo t t ed  aga ins t  t h e  temperature. 

From t h i s  graphic presenta t ion  i t  w a s  then poss ib le  t o  coordinate t h e  pro- 

per  temperatures with t h e  s ta t ionary  i d l i n g  po ten t i a l s  and t h e i r  r e s u l t i n g  

I / U  c h a r a c t e r i s t i c s .  

The i r r e g u l a r  course of c h a r a c t e r i s t i c s  t h a t  occurs wi th  low tempera- 

t u r e s  i n  t h e  v i c i n i t y  of t h e  id l ing  p o t e n t i a l  is apparently connected with 

t h e  cur ren t  and charge c a r r i e r  d i s t r i b u t i o n  in s ide  of t h e  s o l a r  c e l l ,  more 

espec,ially i n  t h e  f r o n t  layer.  

no cu r ren t ,  a c e r t a i n  recombination mechanism is weakened. This is why 

During id l ing ,  when t h e  contac t  g r id  draws 
t L' 

t h e  i d l i n g  p o t e n t i a l  appears magnified. 

Figures 33 t o  35 show current p o t e n t i a l  c h a r a c t e r i s t i c s  f o r  inso la-  

. t i o n s  of 0.5; 0.75 and 1 AM0 f o r  various temperatures down t o  -196OC. 

Figures 36 t o  38 show t h e  evaluation of t h e  family of c h a r a c t e r i s t i c s  i n  

terms of temperature dependence on s h o r t  c i r c u i t  cu r ren t ,  the  i n i t i a l  

va lue  of t h e  i d l i n g  po ten t i a l  and t h e  maximum output. 

0 
7 .3  Temperatures above 28 C,  Insolations up t o  11 AM0 

The measuring hookup f o r  high temperatures a l s o  contained a metal block 

wi th  a high heat capacity which could be  heated e l e c t r i c a l l y  by means of 

so lder ing  i ron  car t r idges .  The metal block was  sh ie lded  by a double-walled 

metal pipe aga ins t  contact and heat l o s s  through convection. A small metal 

s o l a r  ce l l  carrier could be clamped on the  l a rge  metal block. The s o l a r  

ce l l  was fastened onto t h e  c a r r i e r  with a si lver bearing so lde r  (melting 

poin t  22SoC), so t h a t  good hea t  contact was always assured. The tempera- 

ture of the s o l a r  cell  carrier was cons tan t ly  cont ro l led  by meane of an 

i ron-cmtantan  thermoelement (see Figures 39 and 40). 
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The success of a mission near t h e  Bun makes it imperative t h a t  t h e  s o l a r  

cel ls  used can be s to red  successfully over a longer period of  t i m e  under 

high temperatures. I n  order on t h e  one hand t o  reduce t h e  s to rage  t i m e s  

t h a t  cause a c e r t a i n  damage and, on t h e  o ther ,  t o  ga in  information on t h e  

behavior under high temperatures the  tests were conducted under various 

temperatures. 

t i ona ry  temperatures of +14OoC, so t h a t  even t h e  lowest t e s t e d  s to rage  

temperature of +2OO0C st i l l  affords a s u f f i c i e n t  s e c u r i t y  margin. Since 

2OO0C is a l s o  t h e  temperature which most near ly  approaches r e a l i t y ,  t h i s  

The latest known version of t he  sa te l l i t e  a n t i c i p a t e s  sta- 
I, 

tes t  w a s  conducted i n  t h e  only ava i lab le  high vacuum apparatus. 

tests were conducted under temperatures of 3OO0C, 4OO0C and 515 C i n  a flow- 

Other s to rage  
0 

i ng  argon-hydrogen mixture (90 .': 10). 

I n  a l l  s torage  tests t h e  so l a r  cells were placed i n  space saving quar tz  

bracke ts  i n  a quar tz  tube which during t h e  high vacuum test had been reduced 
-6 +" a pressure beln... Torr, >$-i-g the prCt%-cf-21?9 0-- m s o  t p e t s  ----- the - 9 9 ,  0-- 

was cleaned i n  a molecular sieve before being led through t h e  quar tz  tube. 

The quartz tube was sealed o f f  from t h e  room atmosphere by a wash b o t t l e .  
, L,' 1 

I n  a l l  ovens used t h e  constant temperature zone w a s  measured. The 

temperature f luc tua t ions  caused by t h e  adjustments were less than 5 O C  f o r  

high temperatures and less than  2OC f o r  lower temperatures. 

For the  4 s torage  tests the  solar cells were chosen from 4 d i f f e r e n t  

batches. 

t h e  s o l a r  cells of each batch being d i s t r i b u t e d  a l t e r n a t e l y  over t h e  4 

e to rage  teats 80 that  a l l  s torage  tests had comparable c o l l e c t i v e  values. 

A to ta l  of 96 type V s o l a r  cells were subjected t o  these  sborage tests. 

S ix  s o l a r  cells from each batch were a l loca ted  t o  each test, wi th  
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A s  t h e  s o l a r  cells  t h a t  were used were sub jec t ,  i n  t h e i r  electrical 

p rope r t i e s ,  t o  s ta t is t ical  f luc tua t ions ,  t h e  electrical c h a r a c t e r i s t i c  

quantit ies relative t o  t h e i r  i n i t i a l  values were determined a f t e r  every 

measurement. These values,  expressed i n  percentages, were determined f o r  

each batch and were graphica l ly  represented. 

A t  2OO0C (Figure 56) t h e  so l a r  c e l l s  from a l l  batches behave s imi la r ly .  

Af te r  a s torage  t i m e  of 1743 hours t h e  decrease i n  output a t  t h e  optimum 

working poin t  is  about 3.49.. 

A t  3OO0C (Figure 57) t h e  various batches show marked d i f fe rences .  

Af t e r  1600 hours t h e  maximum output has decreased, according t o  t h e  batch, 

from 8 t o  16%. 
I L 0 

The f a c t  t h a t  the i d l i n g  p o t e n t i a l  is a l s o  reduced suggests 

t h a t  t he  cause of t h e  decrease may l i e  i n  t h e  formation of leaks. Experi- 

ment shows t h a t  t h i s  damage ceased a f t e r  800 hours and t h a t  t h e r e a f t e r  t h e  

s o l a r  cells  aga in  produced a constant output. 

The tests a t  400-C (Figure 561 and >i5nti ( r igu re  3 S j  siiw iiir ~ t r ~ r e  Ceii- 
r 

dency, except t h a t  t h e  t i m e  i n t e rva l s  f o r  a s t i l l  acceptab le  ra te  of damage 

are considerably sho r t e r .  Here a l so  t h e  s h o r t  c i r c u i t  cu r ren t  remains vir- 

t u a l l y  constant,  while t h e  id l ing  p o t e n t i a l  is decreased and with i t  a l s o  

t h e  output, presumably because of leaks. 

t h a t  t hese  experiments have shown is t h a t  i n  t h e  event of s o l a r  eruptions 

t h e  s o l a r  cells are capable of taking s u b s t a n t i a l l y  higher temperatures, 

over s h o r t  periods of time, without los ing  t h e i r  a b i l i t y  t o  function. 

The important th ing ,  however, 
l!,J 

'-. 
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9. Storage Tests of Type V Solar  Cells i n  an Extremely Humid Atmosphere. 

During assembly, during t ranspor t  and a t  t h e  start  of a satel l i te  t h e  

s o l a r  cells may be exposed t o  a humid atmosphere which may possibly cause 

cor ros ion  of t h e  contac ts .  The following tests are designed t o  show t h a t  

t h i s  type of damage does not occur i n  type V s o l a r  cells .  The assumption, 

t h a t  t h e  cells are i n s e n s i t i v e  t o  humidity seem t o  be  borne out by t h e  

fact  t h a t  during one of t h e i r  construction phases they were placed i n  

b o i l i n g  water f o r  15 minutes f o r  cleaning after contac t  vaporization. 

(See construction regula t ion  BMwF-FB RFT 3013, Section 2.1.9). To be  
I 00 

su re ,  however, t h r e e  d i f f e r e n t  humidity tests were c a r r i e d  out. 

V s o l a r  cells were taken from 3 batches, from each batch 3 cells were 

picked f o r  each test i n  a l t e r n a t i n g  sequence, so t h a t  we aga in  had a t  

our d isposa l  3 comparable co l l ec t ives  with a t o t a l  of 27 type  V cells. 

The type 

The evaluation and graphic representa t ion  of t h e  r e s u l t s  is similar to  t h e  

desc r ip t ion  i n  s e c t i o n  8. 

n 1 r n - J l $ e - .  *.-I-.. -^-I 
J . A  u u r i r i r ~  WOLSA L c a L  

During the  bo i l ing  water test t h e  s o l a r  cells were boi led  i n  water f o r  

8 hours, with hourly in t e r rup t ions  f o r  a con t ro l  measurement. 

4 hours some damage appears. 

Af t e r  about 
- 2  

The s i m i l a r i t y  i n  t h e  dec l ine  of t h e  s h o r t  

c i r c u i t  cur ren t  and of t h e  maximum output (Figure 60)  is  evidence t h a t  t h i s  

i s  due t o  damage t o  t h e  tempering layer. The c o n t r o l  of t h e  series resis- 

tance,  which remained unchanged even a f t e r  being boi led  f o r  8 hours, confirms 

t h i s  assumption. 

Af te r  concluding t h e  test, one ce l l  from each batch w a s  subjected t o  

rup tu re  tests with soldered wires. 

those  of new cella. 

The f r o n t  and back contactsbehaved l i k e  

The rupture  point of a w i r e ,  which had been soldered 

f l u s h  with a speck of so lde r  of 1 mn diameter, was i n  a l l  but  one case 

g r e a t e r  than 2000 p. I n  t h e  exceptional case t h e  s i l i c o n  t o r e  loose a t  1600 p. 



9.2 Water Vapor Test 

A water vapor tes t  w a s  conducted during 112 hours. The s o l a r  cells 

were set upright  in small baskets suspended i n  a beaker over bo i l ing  w a t e r .  

Here too t h e  damage a f f e c t s  t h e  tempering layer .  Short c i r c u i t  cur ren t ,  

maximum output and, i n  case of heavy damage, t h e  i d l i n g  po ten t i a l  as wel l  

(Figure 61) act  as i f  the  c e l l s  were exposed t o  a reduced i l luminat ion,  

The damage between 75 and 112 hours drops out of t he  expected curve. The 

cause has not ye t  been f u l l y  explained. But it is assumed t h a t  during t h i s  

period of t i m e  t he  temper of the cells  suffered p a r t i c u l a r  damage through 
I! 

d r ipping condensed water. 

t h e  c e l l s  t h a t  suffered the  grea tes t  damage t o  t h e i r  e l e c t r i c a l  values  

This suepicion is re inforced by t h e  f a c t  t h a t  

a lso showed the  g rea t e s t  change in  t h e  tempering sur face  (Figure 62). 

9 . 3  Humidity Test 
I 

I n  a humidity test ,  s o l a r  c e l l s  were s tored  f o r  a t o t a l  of 1475 hours 

I 

1 
a t  80°C and 80% relative humidity. During t h i s  tes t  t h e  s o l a r  cells w e r e  

'i 
-1 y*-"-.. "- -A ir. zlszcd glGGs C G i l t G h C r  fil & d r y k g  ,:vsz: Gt %OC. Tka 

container  held a sa tura ted  KCL solution. With t h i s  arrangement w e  f ind  

a r e l a t i v e  humidity of about 80% (W. Lueck, Humidity, R. Oldenburg, 

Munich, Vienna 1964; D'Ans-Lax,  Notebook f o r  Chemists and Phys ic i s t s ,  
< ,  

Springer Verlag, Berlin,  Heidelberg, New York 1967). 

The e l e c t r i c a l  cha rac t e r i s t i c s  remained unchanged during the  period 

of the  tests (see Figure 63). 

! 
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9.4 Tape Test 

A t a p e  test t h a t  was made on cells from t h e  humidity test, a f t e r  1550 

hours had gone by, showed good results f o r  cells from 2 batches. 

f i n g e r s  and tempering l a y e r  remained undamaged. 

from t h e  t h i r d  batch t h e  beam suffered damage where, during con t ro l  

measurements, t h e  contac ts  touch down; in addi t ion ,  one f i n g e r  came loose. 

Contact 

I n  t h e  case of cells 

-. 



-40- 

10. Radiation Resistance 

As a n  o r i e n t a t i o n  test  a one-time r a d i a t i o n  of 8 type V s o l a r  cells 

from two d i f f e r e n t  s i l i c o n  s t i c k s  was ca r r i ed  out with lo1’ 1 MeV-electrons/ 

c m  * 16). Immediately after r ad ia t ion  t h e  degradation of t he  sho r t  c i r c u i t  

cu r ren t ,  i d l i n g  po ten t i a l ,  naximum output, curve f a c t o r  and i n t e r n a l  

r e s i s t a n c e  were determined. The r e s u l t s  are given i n  Table 2. The degra- 

da t ion  of t h e  s h o r t  c i r c u i t  current amounts t o  19% (17%), of t h e  i d l i n g  

p o t e n t i a l  9% (lo%), of the  output under optimum adapta t ion  27% (25%). The 

values given i n  parentheses are our measurements of t h e  degradation of 

type I V  s o l a r  cells. From t h e  o r i en ta t ion  tests made so far t h e  degrada- 

t i o n  values f o r  s h o r t  c i r c u i t  current and output are only s l i g h t l y  l a r g e r  
\ i  IJ 

f o r  type V than f o r  type IV. The i d l i n g  p o t e n t i a l  is less r a d i a t i o n  sen- 

s i t ive.  The s l i g h t  change i n  the curve f a c t o r  can be explained by i t s  

i n t e n s i t y  dependence. The s e r i e s  r e s i s t a n c e  of t h e  sdlar cells has not  

cnangea wi tn in  tne i i m i t s  ol measurement accuracy. 

Generally v a l i d  statements concerning t h e  r a d i a t i o n  r e s i s t ance  of 

type  V can only be made a f t e r  the completion of a s t e p  by s t e p  rad ia t ion .  

These experiments could not,  however, be conducted because of l ack  of  t i m e .  

Considering t h e  increased temperature during a mission near t h e  sun t h e  

r e p a i r  of t h e  r a d i a t i o n  damage should also be s tudied .  
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. 

11. Results 

11.1 Comparison of Computation and Test 

Af te r  obtaining the  measurement values of type V s o l a r  cells f o r  a 

wide range of temperature and inso la t ion  we shall now compare the  theore t -  

ical opt imizat ion ana lys i s  with t h e  experimental f indings.  The r e s u l t  of 

t h e  opt imizat ion computations was recorded i n  Figures29 - 32. Near t h e  

e a r t h  the  computation of t he  mean output was based on a reduced i n s o l a t i o n  

f o r  t he  l igh ted  ha l f - ro t a t ion  of a cyl inder  of 0.64 AM0 (Figure 28); on 

t h e  way t o  the  sun a t  a dis tance of 0.5 AE one of 2.55 AM0 and, near t he  

sun, a t  a d is tance  of 0.3 AE one of 7.07 AMO. 

imentally f o r  t he  maximum output are shown, dependent on temperature and 

The values obtained exper- 
I LO 

i n so la t ion ,  i n  Figures 38 t o  55. The r e s u l t s  of experiment and computation 

are compared i n  Table 3. 

The consistency of t he  computed and measured values is su rp r i s ing ly  

good. It is  only f o r  the first value i n  Table 3, which is o t  no p r a c t i c a l  

importance as f a r  as the  s o l a r  probe is concerned, t h a t  experiment and 

computation d i f f e r .  In  t h i s  case, during the  in t eg ra t ion  of t h e  a v a i l a b l e  

output ,  t he  lo s s  connected with the  higher  output weighs more heavi ly  i n  

t h e  ca l cu la t ion  than it  would have i f  t h e  camputation had been done f o r  a 

median in so la t ion  constant i n  t i m e .  

of values is more than sa t i s fy ing .  The experiments thus confirm t h a t  t h e  

_- 
The conformity of  t h e  5 remaining p a i r s  

I oc/ 

t h e o r e t i c a l  opt imizat ion not only descr ibes  q u a l i t a t i v e l y  t h e  proper t ies  

of  type V s o l a r  cells but a b o - g i v e s  usable  q u a n t i t a t i v e  r e s u l t s .  

, ..’ 
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Table 3 .  Comparison of the outputs computed and measured for 

various insolations and temperatures . 
. "  

~. 

0.3 

0.3 

0.5 

" .  0.5 

1.0 

1.0 

Ins (AMO) 

7.07 

7.07 

- 2.5, 

2 e 5  

0.64 

0.64 

28 

140 

28 

140 

28 

-64 

Computation 

380 

190 

165 

90 

40 

55 

Experiment 

480 

210 

150 

88 

37 

48 

! 
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11.2 Famil ies  of Charac ter i s t ics  

The proper t ies  of type V so la r  cells are shown i n  the  family of curves 

i n  Figures  33 - 55 f o r  a range of temperatures and in so la t ions  t h a t  e i t h e r  

graphica l ly  represents  a l l  possible pa i r s  of values of temperature and 

in so la t ion  f o r  t h e  mission of a solar probe o r  makes i t  poss ib le  t o  arrive 

a t  them q u i t e  e a s i l y  through in te rpola t ion .  

11.3 Temperature Coeff ic ients  

In  t h e  temperature range of -64OC t o  +14OoC which comes i n t o  considera- 

t i o n  f o r  t h e  s o l a r  probe t h e  temperature coe f f i c i en t  of t he  i d l i n g  p o t e n t i a l  

is  constant  a t  -2.1 mV/OC f o r  a l l  inso la t ions  between 0.5 - 11 AMO. The 

temperature c o e f f i c i e n t  of t h e  short  c i rcui t  cur ren t  depends on t h e  insola-  

t i o n .  

mA/OC f o r  inso la t ions  up t o  1 AMO; it shows a l i n e a r  increase  from 0.3 mA/OC 

lrib 

It is very small f o r  small inso la t ions  and amounts t o  about 0.05 

f o r  4 AM0 to l .1  mA/OC f o r  11 AMO. The temperature coe f f i c i en t  of t h e  maxi- 

mum a v a i l a b l e  output a l s o  depends on the inso la t ion .  

t c  Q-23 EF,' C as fer t j ~ e  

t o  t h e  i n t e n s i t y  t o  values  of about 3 mW/OC f o r  11 AMO. 

6 AM0 a s l i g h t  dependence of t h e  temperature coe f f i c i en t  on t h e  temperature 

A t  1 AM0 i t  amounts 
0 

and tk i i  c1imb.e Ouiiiediai; Faster chan propor t iona i  

For in so la t ions  over 

becomes apparent. 

high in so la t ions ,  t h e  type V solar cell  under t h e  normal i n t e n s i t y  of  1 AM0 

Aside f r m  t h e  aforementioned deviat ions i n  t h e  zone of 

has  a l i n e a r  temperature coe f f i c i en t  i n  t h e  entire range of temperatures 

with which we s h a l l  have t o  deal .  
I C 0  

11.4 Ser ies  Resistance 

The measurement of the series r e s i s t a n c e  of  type V s o l a r  cells  confirms 

the  cor rec tness  of t he  t h e o r e t i c a l  considerat ions.  The smaller s p e c i f i c  re- 

s i s t a n c e  of t h e  i n i t i a l  s i l i c o n  and t h e  smaller r e s i s t ance  of t h e  n-doped 

l aye r  taken i n  conjunction with the most favorable  geometric form of  t h e  
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contac t  g r id  produce a series re s i s t ance  i n  t h e  range of 100 m A. 
Figure 64 reproduces a portion of t h e  I / U  c h a r a c t e r i s t i c  curve used f o r  

t h e  determination of t h e  series res i s tance .  For t h e  sake of c l a r i t y  t h e  po- 

t e n t i a l  scale w a s  considerably extended on t h e  absc issa  axis  while t h e  ord i -  

nate scale remained unchanged. 

wi th  varying i n t e n s i t y  of t h e  incident l i g h t ,  two curves are drawn whose s h o r t  

For t h e  determination of t he  series re s i s t ance ,  

’ c i r c u i t  cu r ren t s  d i f f e r  by 6 I. The series re s i s t ance ,  under t h e  higher 

i n t e n s i t y ,  causes a s h i f t  i n  t h e  I / U  curve of hU a t  a d i s t ance  

t h e  abscissa axis. The quot ien t  A U/&I gives d i r e c t l y  t h e  i n t e r n a l  resis- 

A I  from 
(0.’ 

tance. I n  rou t ine ly  drawn curves t h e  d i f f e rence  i n  p o t e n t i a l  of 5 mV shown 

i n  Figure 64 corresponds t o  a length of  2 m. 

With s o l a r  cells having such smal l  series r e s i s t a n c e  as i n  type V rou- 

t i n e  measurements of t h e  i n t e r n a l  r e s i s t a n c e  cannot be made with a n  accuracy 

g r e a t e r  than 10%. 

r e s i s t a n c e  i n  t h e  case of type V i s  smaller than i n  t h e  case of type I V  

But it can be determined with c e r t a i n t y  t h a t  t h e  series 
. #  

by a 3 fac tor .  

11.5 Constancy 

The sof t - so lder - f ree  contacts required f o r  s o l a r  cells with high operat-  

ing  temperatures demand s t a b l e  so l a r  ce l l  proper t ies  under humid s to rage  con- 

d i t i o n s .  
IN 

These d i f f i c u l t  requirements do not appear during the  course of 

Ir  
t h e  mission but during t h e  construction phase of t he  satell i te.  

the re fo re  conducted t h r e e  d i f f e r e n t  types of humidity tests wi th  type V 

cells and have extended these  tests f a r  beyond the  normal t i m e  l i m i t s .  

We have 

‘! 0 

As 

a r e s u l t  i t  can be s t a t e d  t h a t  the t i t an ium-s i lver  contac ts  produced by us 

have proven themselves t o  be humidity-proof. The s to rage  tests ati20O0C 

show that t h e  formation of leaks a t  t h e  p/n t r a n s i t i o n  can be avoided by 
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choosing a smaller layer - res i s tance  and thus a g r e a t e r  n-layer thickness . 
Our o r i g i n a l  i n t en t ion ,  thmugh s to rage  tests a t  var ious  high tempera- 

t u r e s  and measurement of t h e  t ime  necessary f o r  t h e  formation of similar 

leaks under d i f f e r e n t  temperatures, t o  compute a d i f f u s i o n  constant that 

might under l ie  t h i s  process, could not be rea l ized .  Storage tests a t  

temperatures of +3OO0C show c l ea r ly  that t h e  formation of leaks s tops  

after a c e r t a i n  t i m e .  From measurements, made up t o  now, of t h e  decrease 

i n  maximum output that we have for periods up t o  1600 hours i t  may e a s i l y  

be  extrapolated t h a t  under Operating temperatures of +14OoC maximum output 

w i l l  i n  no way be influenced by the formation of leaks. 
t I O 5  

To sum up i t  can be s t a t e d  t h a t  type V cell ,  because of i ts  small 

series re s i s t ance ,  i ts  optimized grid shape and because of i ts  low-ohm 

bas i c  material, its 10% higher id l ing  p o t e n t i a l  as compared t o  normal cells, 

can produce about 6% g r e a t e r  output than normal cells. 

measurements a t  hand c l e a r l y  show t h a t  up t o  equivalent doses of 10 

The degradation 
15 

1-MeV-electrons type V cells are equal t o  normal cells. 

d i t i o n s  of use, operating temperatures as high as 14OoC are feas ib l e .  

Under extreme con- I 

11.6 Power Output during t h e  Mission 
I (X) 

.- 
/ 

For r a t i o n a l  planning and for t he  successful accomplishment of a mission 

it  is  of considerable importance t o  know what output is a v a i l a b l e  a t  any par- 

t i c u l a r  t i m e .  Since t h e  ava i l ab le  output depends on t h e  s o l a r  cell  tempera- 

t u r e  and in so la t ion  the  prerequis i te  f o r  such estimates is t h e  knowledge of 

t h e  s o l a r  ce l l  temperature. 

Figure 65 shows the  functional relation of s o l a r  cel l  temperature and 

t h e  d i s t ance  between t h e  sun and the probe. The Figure was taken from a 

Dornier study, based on the  aeeumption of a double cy l inde r  shape with a 
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40% degree of coverage. 

was  always t h e  average inso la t ion  during a ha l f - ro t a t ion  a t  a given dis tance.  

For the  sake of s impl i c i ty  t h e  in so la t ion  chosen 

From t h e  I/U curves f o r  various inso la t ions  and temperatures (Figures 

33 - 35, 41 - 49) the  pe r t inen t  output values could now be taken f o r  

var ious dis tances  between the  sun and t h e  probe. 

var ious given cel l  po ten t i a l s ,  the a v a i l a b l e  outputs i n  r e l a t i o n  t o  the  

d i s t ance  sun - probe. 

the  output a t  the  optimum working point.  

of t h e  energy supply is near t h e  ea r th  and that t h e  energy need and t h e  

Figure 66 shows, f o r  

Figure 67 is the  corresponding representa t ion  f o r  

This shows t h a t  t h e  bot t leneck 

energy eupply m e t  be planned accordingly. 
- *  
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12. 

Summary 

Computation of t he  Radiation Charge and t h e  Equivalent Dose 

The expected r a d i a t i o n  charge of t he  s o l a r  probe planned f o r  t he  year  

1972 w i l l  be r e l a t i v e l y  small. For example, t h e  year ly  equivalent dose of 

a 1-MeV-electron tes t  r ad ia t ion ,  t o  s imula te  t h e  damage t o  10- dcm-Si-n/p 

s o l a r  cells behind a 50/um th i ck  covering g l a s s  layer ,  amounts t o  about 

5 . 1013 e/cm*, which - without taking i n t o  account a poss ib l e  hea l ing  - 
occasions a degradation of t h e  maximum power output of t h e  s o l a r  ce l l  of 

' 

about 7 t o  8%. Of t h i s  equivalent dose 77% are due t o  the  charge along 

t h e  h e l i o c e n t r i c  course from the s o l a r  cosmic protons emitted during s o l a r  

eruptions.  
i o0  

The rest is due t o  the  protons of t h e  Van Allen b e l t  dur ing  t h e  

ascent .  The charge caused by the  e l ec t rons  of t he  Van Allen b e l t  is negl i -  

g ib l e .  

t h e  por t ion  due t o  t h e  Van Allen protons is less than 10%. 

I n  t h e  case of covering glass l aye r s  of mre than 100 urn thickness / 

The r a d i a t i o n  charge of t h e  s o l a r  probe is made up of t h e  charge of 

t h e  protons and e l ec t rons  of t h e  Van Al len  belt  during the  ascent  phase 

and t h e  charge of t h e  solar cosmic protona ( so la r  f l a r e s )  along t h e  

h e l i o c e n t r i c  course. 

... - I 
I 
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12.1 Radiation Charge on t h e  Ascent through t h e  Van Allen B e l t  

The firm of Boelkow furnished us with a t a b l e  showing, f o r  d i s t i n c t  

t i m e s  ti during t h e  ascent phase, t h e  a t t a i n e d  height Hi of the  satel l i te  

as w e l l  as the  geographic coordinates (geographic longitude qi and geo- 

graphic l a t i t u d e  qi) of t h e  s u b s a t e l l i t e  point 'I. A t  t h e  same t i m e  we 

obtained maps with t h e  geomagnetic coordinates f o r  a pure d i p o l e  f i e l d ,  

t h a t  is one showing t h e  real magnetic i n c l i n a t i o n  a t  t h e  e a r t h ' s  su r f ace  

i n  r e l a t i o n  t o  t h e  geographic coordinates. 

With the  a i d  of these  maps we determined f i r s t  of a l l  the  geomagnetic 

l a t i t u d e  h 
s u b - s a t e l l i t e  point.  

corresponding t o  the geographic coordinates (CQ , q)i of t h e  i 
This was based on t h e  t a b l e s  of NASA (see below) and, 

a f t e r  consul ta t ion  with t h e  f i rm  of Boelkow, t h e  map f o r  a pure d ipo le  f i e l d  

of  t h e  ea r th  (valid from about 1000 km). With a newly p lo t t ed  computer pro- 

gram SATBN3 (wr i t ten  i n  FORTRAN I V )  we then ca lcu la ted  f o r  t he  coordinates 

'(H, h ) ,  t h e  McIllwain2) t r a j e c t o r y  parameter Li a,nd t h e  fo rce  Bi of t h e  

geomagnetic f i e l d  f o r  t h e  relevant po in t  i n  space according t o  

w i t h  Re = 6371.2 km (earth rad ius)  

8.06 . 10 lo J1+ 3 sin*hi - 
Bi (Gaub) = '' , R ,  Hi i nkm.  (Re + H i ) 3  e 

Af ter  t h i s  we determined, through a 4 poin t  in te rpola t ion3)  of t h e  NASA 
- _-- I O 2  

da ta ,  recorded on magnetic tape,  for  t h e  s p a t i a l  and energy d i s t r i b u t i o n  of 

t h e  protons and e lec t rons  in t h e  r ad ia t ion  b e l t  (up t o  a maximum height  of 

36,000 km), t h e  spec t r a  of both p a r t i c l e s  at each of t h e  i poin ts  i n  t h e  
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, 
I 

L,B space and namely f o r  21 proton energies between 0.4 aod 500 MeV and 

29 e l e c t r o n  energies between 0 and 7 MeV. Then t h e  ind iv idua l  spec t r a  

from a l l  t h e  poin ts  of t h e  t r a j ec to ry  were added up, using as weight f a c t o r  

of t h e  i - t h  spectrum t h e  t i m e  f ac to r  A t i  = +(ti+l =ti-l) 

The firm of Boelkow furnished t h e  coordinates ( t ,  , , H) f o r  4 i 

d i f f e r e n t  ascent trajectories ') :  

Tra jec tory  A S t a r t i n g  t i m e  5.86 W.Z.* Parking height 200 km 

200 km 16.75 It 
II 11 II II B I 1  

185 km II 11 
I1 5.81 II C I 1  

185 km I1  I1  
I 1  16.74 I1  D II 

(most r ecen t  s i t u a t i o n )  

Since t h e  ascent t r a j e c t o r y  has apparently not y e t  been d e f i n i t e l y  

f ixed ,  t h e  in tegra ted  particle spectra were ca l cu la t ed  f o r  a l l  4 trajec- 

t o r i e s .  Chart 1 shows t h e  r e su l t .  From t h i s  i t  w i l l  be seen t h a t  trajec- 

to ry  B furnishes t h e  h ighes t  fluence both f o r  protons and e l ec t rons  s ince  
I D 'J 

is, however, only a s l i g h t  d i f fe rence  between t h e  various t r a j e c t o r i e s .  The 

main cont r ibu t ion  t o  proton rad ia t ion  takes  p lace  a t  he ights  between about 

4000 and 7000 km (corresponds t o  a f l i g h t  time of about 5.3 min). I n  t h e  /- 

case of e lec t rons  t h e  major portion is in tegra ted  between 10,000 and 20,000 km 

( f l i g h t  t i m e  about 16.6 min). 
I 

I n  order  t o  be on t h e  safe s ide  when making estimates of t h e  expected I 

r a d i a t i o n  charge subsequent ca lcu la t ions  were based on t h e  spec t r a  along 
l o b  

t r a j e c t o r y  B. With t h e  a i d  of the a l ready  described computer program') t h e  

s p e c t r a  f o r  protons and e lec t rons  were computed, a f t e r  sh i e ld ing ,  f o r  10 

sh ie ld ing  thicknesses between 0.01 and 10 g/cm2 and then  t h e  abso lu te  damage 
v 

* w.2 . - probably Washington time ( t r a n s l a t o r ' s  note). 
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K (cm'2) caused by these  moderated spec t r a  i n  10-Rcm-Si-nlp s o l a r  cells 

was determined. 

cons tan t  k f o r  t h i s  type of cell .  @amage constant k of S i - so l a r  cells; see 

As a base we  used t h e  known energy dependence of t h e  damage 

bibliography 6) . Fina l ly ,  t h e  t o t a l  damage K(=$+Ke) w a s  r e l a t e d  t o  the  

damage constant k of t h e  1-MeV-electrons generally used f o r  tes t  purposes 

and w e  obtained t h e  so-called equivalent f luence of t h e  test r ad ia t ion .  

Table and cha r t  2 show t h e  r e s u l t .  From t h i s  i t  appears t h a t  t h e  damage due 

t o  protons of t h e  Van Allen b e l t  is from 1 t o  2 times as l a r g e  as t h e  damage 
I f  5 

done by e lec t rons .  

2 = 1 3 ( A l )  was taken, which approximates q u i t e  c lose ly  a material l i k e  

Si02 

cells.  However, since t h e  program a l s o  serves t o  c a l c u l a t e  t he  ion iza t ion  

For t h e  nuclear charge number of t h e  sh i e ld ing  material 

5) . The l a r g e r  sh i e ld ing  thicknesses are, of course, unrea l  f o r  s o l a r  

and volume damage, it is preferab le  t o  include these  thicknesses r a t h e r  than 

change t h e  program. 

mostly protons are emitted. 

s o l a r  cosmic protons is based on t h e  estimates of the  annual stream dens i ty  

of solar protons near t h e  e a r t h ' s  o r b i t  ( i n  1 AE) obtained from empirical  

connections with t h e  number of sun spo t s  during the 20th sun spo t  cyc le  (1965- 

The computation of t he  charge caused by t h e  
I C ;  

- 

1975). 

i n t e rp l ane ta ry  space a quadra t ic  distance l a w  (e.g. stream dens i ty - r  

then one computes wi th  a n  a l ready  described computer program7) f o r  t he  s o l a r  

probe (per ihe l ion  0.3 AE, aphelion 1.0167 AE, period 195.19 d )  a r a d i a t i o n  

charge 2.74 times higher than i n  1 AE. In t h e  case of a d i s t ance  l a w  with 

stream dens i ty  -r -'*' t h i s  f ac to r  equals 2.00; with  a stream d e n s i t y  of 

h r r  -2*5 t h i s  f a c t o r  equals 3.95. The ca l cu la t ion  is based on t h e  assumption 

I f  one takes as bas i s  f o r  t h e  propagation of s o l a r  cosmic protons i n  
-2 

), 
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t h a t  t h e  s o l a r  cosmic protons are emitted by t h e  sun a t  a constant average 

stream dens i ty  over t h e  e n t i r e  year and not - as is a c t u a l l y  t h e  case - only 

during s t a t i s t i c a l l y  occurring brief gas eruptions. The ca l cu la t ion ,  there-  

fo re ,  furnishes a b e t t e r  estimate t h e  longer t h e  he l iocen t r i c  mission lasts. 

A period of a year,  corresponding t o  about two times around t h e  sun, na tu ra l ly  

does not f u l f i l l  t h i s  requirement s a t i s f a c t o r i l y .  However, as long as t h e r e  

are no more r e l i a b l e  fo recas t s  for t h e  appearance of s o l a r  eruptions a more 

exact estimate of t h e  probable r ad ia t ion  charge i s  not possible.  
[ ')b 

The ca l cu la t ions  were based on t h e  stream dens i ty  of s o l a r  cosmic pro- 

tons f o r  the  year 1972, t he  l a s t  year f o r  which we have a fo recas t .  Accord- 

i ng  t o  Webber8) we may expect i n  1972:' average number of sun spots  38, 

number of s o l a r  eruptions 6 per  year, in tegra ted  stream d e n s i t y  o,,, of 

s o l a r  cosmic protons i n  1 AE.: 
9 P 

+ o  (>1 MeV)NH6 . 10 z c m  a 
$ 0  ( ) l O ' M e V g % . 5  lo8 II 

($0 0 4 0  MeV)%l.S . lo7 9 !  

The proton spectrum s t r i k i n g  t h e  s o l a r  probe during a year may be ob- 

ta ined  - i n  accordance wi th  t h e  above assumption - by multiplying by f a c t o r  

2.74. 

caused by spectrum 4 and t h e  yearly equivalent p a r t i c l e  streams of a 

1-MeV-electron test r a d i a t i o n  required f o r  simulation were a l ready  computed 

i n  r e l a t i o n  t o  t h e  thickness of the sh i e ld ing  . Through m u l t i p l i c a t i o n  of 

This spectrum was a l s o  entered on c h a r t  1 (I). The s o l a r  ce l l  damage 

153 0 

7) 

t hese  values by f a c t o r  2.74 one obtains t h e  values given i n  t a b l e  and c h a r t  2. 

As cha r t  2 shows, t h e  . rad ia t ion  charge i n  t h e  Van Al len  b e l t  makes, during 

t h e  a scen t  phase, a worthwhile cont r ibu t ion  only when t h i n  covering g l a s s  

l aye r s  are used i n  f r o n t  of t h e  s o l a r  cell. 

r a d i a t i o n  charge of t h e  s o l a r  probe a f t e r  a yea r  are r e l a t i v e l y  small. 

The abso lu te  values of t h e  t o t a l  

For 
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ins tance ,  t he  year ly  equivalent  l=MeV-electron f luence f o r  s imulat ion of 

t h e  t o t a l  r ad ia t ion  charge of t h e  s o l a r  ce l l  behind a 50 um th i ck  covering 

g l a s s  l aye r  amounts t o  about 5 . 1013 e/cm2. 1 This r a d i a t i o n  dose corres-  
/ 

ponds t o  a degradation of t he  maximum output of t h e  s o l a r  cel l  of 7 t o  89. 

(without taking i n t o  account a possible healing).  O f  t h i s  equivalent 

dose 77% are due t o  the  he l iocent r ic  t r a j e c t o r y ,  t h e  remaining 23% are 

caused by the  protons of  t h e  Van Allen be l t .  The charge due t o  e lec t rons  

from t h e  Van Allen b e l t  is negl igible .  

lOO/um i n  thickness the  contr ibut ion made by t h e  Van Allen b e l t  r ad ia t ion  

is less, than lo%, since t h e  spectrum of t h e  Van Allen protons is considerably 

With covering g l a s s  layers  above 
1: J 

%after" than that of t h e  solar cosmic protons (chart  1). 
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Chart 1 Radiation charge of t he  so l a r  probe (h 

Ia in tegra ted  proton spec t ra  f o r  4 d i f f e r e n t  ascent t r a j e c t o r i e s  
(A,B,C,D) through t h e  Van Allen b e l t ;  

Ib in tegra ted  spectrum of t h e  s o l a r  cosmic protons ( so la r  f l a r e s )  
along the  he l iocen t r i c  t r a j e c t o r y  (per ihe l ion  0.3 AE, 
aphelion 1.0167 AE); 

I1 in tegra ted  e l ec t ron  apectra f o r  ascent t r a j e c t o r y  B (maximum 
fluence) and C (minimum fluence) through t h e  Van Allen b e l t .  
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Chart 2 Equivalent stream of a 1-MeV-electron 
the  s imulat ion of the  damage produced 

5 10 g/cm'! 

d (2113) 

tes t  r a d i a t i o n  for 
i n  lO-acm-Si-n/p 

s o l a r  cells during one year i n  t h e  t r a j e c t o r y  of t he  s o l a r  
probe (per ihel ion 0.3 AE, aphelion 1.0167 AE) i n  r e l a t i o n  
t o  t h e  thickness of t he  sh ie ld ing  (nuclear charge = 13). 

t o t a l  charge; 

- --- charge through s o l a r  f l a r e s  during t h e  year  1972; 

,...,...... charge through protons i n  t h e  Van Allen b e l t  in 
ascent t r a j e c t o r y  B; 

- charge through e l ec t rons  i n  t h e  Van Allen - * -  b e l t  i n  ascent  t r a j e c t o r y  B, 
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Figure 6€, Water vapor test: percentage change of short c i rcu i t  current, 
Idling potential and maximum output of type I V  and V Solar cells 
when stored over boiling water. 
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Figure 62 Solar c e l l s  a f t er  water vapor test. On the left  cel l  the 
optical tempering layer shows changes over a smaller area 
than It does on the  right c e l l .  
maximum output are influenced accordingly. 
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Figure 63 Humidity test: percentage change of short c i rcu i t  current, \ idling potential and maximum output of solar cells (at) +8OoC. 
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Figure 67 MaximmAouk:put of a solar c e l l  i n  re lat ion to  the distance 
s m  probe. 




